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Genetic control of mutation induction in Saccharomyces cerevisiae

- Jeffrey Fielding Lemontt .

ABSTRACT

Twenty mutants of Saccharomyces cerevisiae were' selected
for vreduc‘e’d ultraviolet light (UV)V—mutabil'lity as me>asureid‘ by locus €
réversioﬁ. of the highly VUV-revertib»le ochre-suppressible E&é-}l;
allele. .'Th¢s>e mutants rebrésent only three unlinked recessive loci
.denotéa by Et;?_\:__i, Eg_\@;ana 1_‘_9_v_3_ Tiqe 1_'_ej_2_19cus is on c}_;x;omosom‘e

XII at a distance of 4.0 centimorgans distal to asp5. Neither revl

nor rev3 is centromere-linked. Strains carrying revl-1, rev2-1
and rev3-1 are moderately UV-sensitive with Dose Reduction

Factors (DRF) of 3. 7, 4.3, and 8.5 in the feépéctive haploids and

*2 in the three homozygous rev diploids compared to wild‘-type;

revl-1, revZ—l ai_nd rev3-1 also confer X-ray sensitivity (DRF'S of

2.4, 1.5, and 1,8 at 10% su_rvivallin réspectiv,e homozygous rev

diploids) and ethYlmethanesulfonate (EMS)-sensitivity (DRF's at

1% survival of 1, 1, 2 7, and 2.7 ih,res.pectiw}e rev haploids).

Mutation induction controlled by a small number of geneé is though‘c_



| 'avé.ilablé on how these alterations are translated by the cell into

‘ Ilnutati_on.s’. Evidence reviewed by Bridge's (7) indicates that most
mutations are not induced solely because damage exisfs;in.the DNA,
) but rather’ arise as a r‘es_'ulut of r'riétabo'ltic repair pro'cessbes acting on
this darﬁage. These procésses ére genetically controlled (7, 107).

Studles in E coli have revealed an intimate relationship between ’

repalr of lethal ultrav101et 11ght (UV) dama.ge in DNA and the pro-
| duct1on of UV- 1nduced mutations (107) This has been pos sible
becau_se’: 1‘) A ma_]’or cc;mpc;nent_ of UV darnage in nuclelc; acids was
ideﬁnt_;ibfievd'a‘.e‘:v .cyélbbutvah.e pyrim'idi'ne dimers '(101;' 85). »2)1 The repair
of suchdamagehasbeen observed direét'ly by biochemical assays
1ndependent of colony formmg ab111ty (82 73 83) 3) Mutaﬁts exist
_ that afe known to be def1C1ent in one or another of these repair

| proce»Sses (32, 33). It 1s vpo‘ssrible"that duﬁng a repair p_rocess’ .

v errozv"sv‘a.,'re géherated that may be th;: squrvcv:e Qf ﬁlutafions.
4) ﬁ‘.\/;.;i.i_iduced mutatio# has been stu..died.in pairs of ‘stréins, one
pdssessing and one lacking fepa'ip- é_,bi.li,ty;v The accﬁracy of various
repalf mechanisms has beén inferred. |

Photoreactivation (PR) (42, 43, 36 46, 24), observé_d in a

broad range of organisms, monomerizes pyrimidine dimers in DNA
in the presence of both visible light and an intracellular enzyme (84).

The phr mutants of 1*3_ coli (25) lack enzyme activity and are unable

"to effect repair. In these strains, it has been shown (109, 104, 44, 45)

-that at doses below 900 erg/mmz, pyrimidine dimers are

q.'



responsible for more than 90% of the mutations induced by UV in
the wild-type. Not _a.ll dimers are split by PR. Ot‘he;r non-dimer

damage is also known to occur 7(9.1). Mutation studies in phr strains

‘have also shown that PR itself does not generate the errors leading to

the majovrity of UV-induced mutations. Witkin (107) has concluded
that.”if the splitting of a pyrimidine dimer can cause a mutation, an
unsplit p};rimidine dimer is at least ten times more likely to cause
one. "

Since the first observation that UV-induced thymine dimers were

releasevd.from the DNA of UV-irradiated _EL_ coli (87, 6), impressive

evidence (86) has been gathered to support an excision repair model,
In such a model, short—single—stranded regions of DNA containing

UV damage are recognized and removed enzymatically (41), followed

by vrepa"ir replication (73) and the eventual joining of strands (69, 21).

Mutants of E. coli denoted as uvr or hci' are deféctive ‘in the initial

excision step (32). In studies using these mutants, it has been shown

that at low UV doses mutations are induced with much higher frequencies

in excision-defective strains comﬁared to wild-vtype (105, 29). Witkin
(107) has concluded that a mutation is SVOO times more likely té arise
from aﬁ unexcised pyrimidiné dimer thé,n from an excised dimer,
Unexcised pyrimidine dimers are thought to cause vi:ftually all of the
UV-induced mutations in an excision-defective strain of E. coli.

The excision repair mechanism has been estimated’ (107) to cause

less than one mutation per million pyrimidine dimers excised. Thus,



vi’c'seer.hs irhprobable thz;Lt UV—'induced.'mu.t-atioris 1nj:_ coli are caused
| by errors introduced intoﬁthe DNA during éxcisibn repair.
Rﬁpé and Howard-Flanders (83) found fhaf in éxcisi_on—defec—

tive _E_)__ g__ol_1_ pyrimidine dimers are not pe’rm'anvent blocks t‘o> norfhal 4
DNA replication. V’I'he newly éimthesized d;auég"htér strands in the first
.DNA r"ep‘li‘c'”ationv after’ UV exposure were found to contain single-

strand breaks Oép'osite each pyi‘indidi‘ne dimer”ih thé parental strands.

The rﬁélecular weight of the daughtér strands increasevd.'du'ring the

hour follo'wing' the first'pos‘t-irradiation DNA repiication. ~ This
phe'ﬁoméndn:'was- interpreted as é. new kind of repair process,

post-replication repair. Strains cva.rrbying recA are not only Uv-

sensiti{re, X-ray sensitive and highly recombination deficient (32,
13), but are also unable to effect post-replicatioh repair (93). The
E.EA'F gene is thought to act in a post-replication repair mechaniem
dependent upon genetic recombination (35, 92.)' ahd operating
,indeiie'ndently of excisidn repair (35). Strainé carrying recA -

produce no UV-induced mutations (58, 108). The recB, recC and

_exr loci in E. coli also cause UV and X-ray sensitivity and

recombination deficiency, but to a much lesser dégree than recA

(32, 16). Like recA, exr blocks UV-induced mutation (106), while

recB and recC reduce it significantly (108). Witkin (107) has - —
interpreted such evidence in terms of a post-replication

recombinational repair model: Most UV-induced mutations arise as

errors introduced into the DNA during recombimtional repair of
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daughtei; strand breaks. The exr gene rﬁay interfere with the
e'rror'--gen‘e‘rating feature of this repéir, while recA pbrevents any
repaif_a;f éll. The roleé _6f _1_'_e_'c_B.+ and recC+ in UV-mutagenesis is
unknown.

v»\:f’efy litt.le is knoﬁvﬁ from directA sfudies about the molecular
basis': o.:f»:Ai‘ndu'c'ed mutations in fungi. The main gbstacle in this direc-
tion ha's Been the ihability ‘to ‘observe rnolgcula'rr éhanges in the DNA's
of mut;hts blocked in mutation inducﬁon, since specific labeling of |
the DNA ‘in méhy fun-gi inclﬁding yeast is difficult to attain at
ﬁresent (22). An indirect approach té the proble‘m of UV—r’nutagenesis'
in fungi has involved the possibility t'1;1at such a process may be
related:t-o repair of lethal DNA- darynage,‘ as ip E. coli. Evidence that
dark'repéii' of lethal DNA damage occurs in yeast was first
pfese.ntevd by Patrick _e_t_il_._-(70, 71). Attempts to recover mutaﬁts
deficient Iin one or a..noth'evr DNA repair step have been mainly re-
stricted to isolating radiation-sensitive strains (10, 14, 23, 30, 47, "
50, 66, 78, 111, 77)_.

If UV-induced mutation in fungi occurs by a mechanism
similar fo that in bacteria, then some U_V—sensitive mutants are ex-
pected to exhibit énha.nced frequencies of UV.mutation, while othefs
should éxhibit reduced frequencies compared to wild-type. Many
UV-sensitive strains do exhibit enhanced UV mutation frequencies

(2, 79, 111) like the excision-defective strains in E. coli. Others

exhibit reduced frequencies (11, 68, 110) like the rec and exr strains
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in E. coli. In addition, some of these mutants Ihight be expected to

affect r_ecérnbination' in varying degrees like the rec and exr strains
in bacteria. In fungi, meiotic'r.ecombinatio'n in diploids is unaffectéd
by honﬁ.o'z;'rgous mutations causing UVv—sensitiV"ity (10, 31, 47, ,95).
UV—seﬁsitive genes .have also been tested for their effect on
induced mitotic recombination (64, 95, lvll)_. At ~qual UV
doses,‘ i"ndu'ced. mitotic recombination in diploiévls‘.horriozygous for these
gene's. occurred at frequencies greater than in wild-type strains.

. The mechanism of mutation induction in yeast is evi’dently
complex.b . The moleculév.l_~ nature of the deficiencies associated
with UV—sensitiye mutants is uhknown. A more straightforward
analysis of mutation induction would be to isolate mutants that are
b‘defective in induced mutation. These might have intere sting proper-
ties.. If mutagenesis is dependent upon repair of lethal DNA damage,
as 1n bécteria (107), thén one would expect fo find some. that have
prbpe"r_tie_s of_lic_ strains and some that have‘ f;rovpertie.s' of exr
strain;c,.' - If mutagenesis céxnlalso proceed independentiy of the .
stepé involved vin the repair of DNA, one would also expect to find
some mutants that have the full complement of repair functions. In
In addition to those UV-sensitive genes in fungi that also redﬁce
UV-;riﬁtation, new genes controlling mutation induction may be ‘
fouﬁd. If mutation induction is found to depend upon DNA repair,
then new mechanisms of repair might eventually be uncovefed by this

tactic,
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 In'the present study, mutants of Saccharomyces cerevisiae

were selected (49) directly for reduced ability to undergo UV-induced
reﬁersibh with the aim of answéring the following questions:

1) Are there any similarities between UV-induced mutation

‘in yeast and in bacteria?

:2)‘ ' Does UV-mutagenesis in yeast depend upon the repair of
1etir1a1:DNA damage ? |
'-"3) - How many"gebne's are involved in the control of UV-mutagenesis
in yeé,st ?
4)::‘ Can such genes reducesall types .of UV-induced mutation?
."Mutants charactervized. by a reversibnless phenotype (rev) ’
were tested for a variety of phenotypié attributes. Complementation

tests w'_ere performed among segregant"s; The specificity of the in-

_ duced mutation phenotype of these genes was studied. The dependence

of induced mutation on the repair of lethal DNA damage was investi-
gated By testing mutants for the followipg: UV-éensitivity,

X-ray sensitivity, EMS -sensitivity, and both UV-sensitivity and
UV-induced reversion in multiple inutant strains. The :61e of
recombination in UV-mutagenesis was also studied. Based on these
resulf,s, the genetic cvontrol of mutation induction in yeast is

discussed in relation to the model proposed for E. coli.
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MATERIALS AND METHODS

A. Yeast gtrains
" The following three strains were obtained from Professor

R. K. Mortimer: X1687-16C (a arg4-17 his5-2 trp5-48 lysl-1

ade2-1 leul-12 ‘metl-1), X1687-12B ( && arg4-17 his5-2 trp5-48

lysl-1 ade2-1), and S‘288C. (étandard wild-type strain with oC mating |
type). Reversionless mu"tantsv wéfé indﬁ.ced in X1687-16C. : Suc;h
mutant‘_s:.'were denoted by a number suffix, _ei.'g.', ' X1687-16C-235.
Sfraiﬁé S"v2>88C and X1687— IZB were used in genét‘ic testing of
putative reversionless mutants. All strains denoted by a prefix
"XY"F were derivéd ?nai;il.y from these three strains. Oti’ler- strains
' ob't'ai'n_gd from Dr. Mortimer were used in mapping and other
studieé’. v

Gev'ne:tic 'é.ymbols uéed are thoée p:‘qposed at the Osaka Yeast
Genetics Céﬁference, Osaka, Japan (62). A three-letter abbrevia-
tion indicates phenotype or growth requirement. This is followed
by a number to indicate the gene controlling that phenotype. This
nurhber is followed by a dash and anothe»r number whiéh' specifie's

the particular mutant allele of that gene, e.g., arg4-17.



- B. - Media :

YEPD: 1% Yeast extract (Difco); 2% Bacto-peptone (Difcb),

2% dextrose, and 2% agar (Difco). .Liq'uid YEPD growth medium

contained no agar.

: Synthetic complete (C): 0.67% Yeast Nitrogen Base without
amino acids (Difco),' 2% agar (Difco), 2% dextrose, and the following
supplérhents added before autoclaving: 20 mg/1 Lesarginine (AR);

20 mg/l L-histidine (HI), 20 mg/1 L-tryptophan (TR), 20 mg/l adenine

"(AD), 20 g/l L-methionine (ME), 20 mg/l wracil (UR), 30 mg/1

L-leucine (LE), and 30 mg/1 L-ly.si'ne'(LY). Filter-sterilized

L-thréénine (THR) was added at 100 mg/ll after autoclaving.

Omission mediag Same as synthetic complete except for one

or mér'e'metabolites omittéd, e.g., C-AR, C-HI-TR.

Petite medium (PET): 3% glycerol, 0.025% dextrose, 19,

yeast extract, 2% Bacto-peptone, and 2% agar. The petite phenotype
was scored as the inability to utilize glycer:ol as a carbon source for

growth. -

" >Pre—sporu1ation medium (GNAP): 5% dextrose, 1% Yeast’
extract, 2.3% nutrient agar, 2% Bacto-peptone, and 0.5% agar.

Sporulation mediums: 1% potassium acetate, 0.1% dextrose,

0.25% Yeast extract, and 2% agar.
Slant agar (YEPAD): 1% Yeast extract, 2% Bacto-peptone,

Z%'dextrose, 2% agar, 40 mg/l ad~nine. Many strains carried ade2.

Occasionally, spontaneous mutation to a second adenine
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requirément results in a growth rate greater than in the strain
carrying ade2 alone (80). Adenine was added to slant agar to

minimize secondary mutant accumulation.

Sorenson's buffer;KH,POy and Na,HPO,, 0.067 M, pH 8. %

The pH is' determined by the relative proportions of the two salts.

" C. Radiation 3ources

The X-ray source was a beryllium-window X-ray tube
(Machi].ett OEG 6_0). The exposure dose rate to cells on agar was
250 roengten pe>r second ;it 50 KVp and 25 fnilliamperes (unﬁltered).
The ultraviolet light source con.s‘i'sted‘ of three 8-watt General
Elécffic_lamps (GST:SV,- 90% intensity at 2537 ?x).. »the dose r;t'e
to cel}ls:o»n agar waé 26.: 5 _efg(m}rnz/sec; On certa.in occasions, the
. ﬁV aovse rate was reducgd to: one—»thilrd thi>s f\_.ralue us._ing’only_oﬁe

lamp.

D. Genetic analysis

1 " Mating and sporuiation. rDi;ﬂoid strains wére routinel.y
construcfed by mating two haploid strains of different mating type.
Small.quantities of c>..vernight,‘ rapidly growing ﬁaploid cultures were
mixed on a YEPD plate. Mating: occurrved usually after 3-4 hou_ré.
The fusing haploid cells could be obseryed microscopically, Using
a gl.a.ssv ﬁee‘dle micromanipulator, these zygotes were isolated from
other cells and aliowed to grow on YEPD agar. Upon incubation, a

pure colony of diploid cells resulted, after which part of this colony



was cultured on slant.agar:,’ whilev'théb rest was transferred to GNAP

for pr‘e-spbrula',tic.m. After overnighf gro.wvth, the GNAP.p‘late was
repli'c",a;"-'blated onto sporulation agar. Sporula'tioﬁ usually occurred
after .2.'.'.4'days,"v as evidenced :by the présence of.a.sc.i. A..small
portic‘m‘of this culture was. suspénded in 0.2 ml of a 1:40 solution of

Glusulase (Endo Labo'ratorie's, Garden Cit‘y, ‘New York), an extract

from the:crop of Helix »pdmatia which contains an enzyme mixture

that digests ascus walls but not spore capsules (37). After incuba-

tion at 30°C for 10-20 minutes, the suspension was centrifuged at

high speed in a clinical bench top centrifuge for about 5 minutes. The

supe'rné’artant.was then pippétted off and the sediment resuspended in
about 0.2 ml of distilled water. This suspehsion was used for
genetic analysis as described below.

2. Tetrad analysis. This procedure involved the use of a

glass needle and micromanipulation to sekparate the four spores from
each ascus, followed by subsequent phenotypic analysis of all four

ascosporal clones. Spores were separated in a rectangular array
\ :

‘ona YEPD agar slab (37). Then the slab was placed onto a YEPD

plate "anvd incubated at 30°C for about 2 days .to allow the spores to
germinate and form spore clones. Photographs taken of the spore
clones provide a permanent record of spore viability. Portions of

thevsevclones were then transferred to a YEPD master plate and

“incubated for 1-2 days. The master plafe was then replica-plated

to various omission agar or other media to score various phenotypes.

The master plate was reincubated for 1-2 days to allow spore

11.
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cultures to grow up again and was subsequently refrigerated for
storage and retrieval.

3. _Random spore analysis, This procedu_re involved the use of

high ffequency sound to 'disrupt and separate :s'por'fa tetrads into | &
single.épores. Thev Glusulé.s've—treated suspensiorrlv was added to 10 ml
_'of distilled.wavter and was sonicate_d (100 watt Ultrasonic Disintegra-

tor, Méasuriﬁg and Scientific, Ltd. , Londcvm)v for'é minutes at 21

kilocYcles per secbnd. ' The suspension was then diluted and plated on

YEPD to "yield aboﬁt"SO-lQO colonies per plate. After incubation,

random spore clones were replica-plated to various media to score ,

the vafious phenotypes. .

4. Genetic mapping. - Mortimer and Hawthorne (61) and

Hawthorne and Mortimer (27) have described methods for the analysis
of'gene‘-'-.gene and gene-_centromere linkage.. In a cross involving two
»gene'fivc" markers, e. g.; _{\_E x_ét__b, three classes of asci gan be .
di’st'i.r_i»gxlii‘shéd_aftver spdfﬁlation. They are'Péfe.ntal Dit&pe (PD) in
Which.the' four spore; genotypes AB, AB, ab, ab reflect the con.figura—
tion of two parental marker genes; “NonParental Ditype- (NPD) in Which
the distribution is Ab, Ab, aB, aB; and Tetratype (T) in which there
are féur different spore genotypes AB, vﬁ\_b, aB, _a_‘tz;' Gene-gene
linkage was detected by observing a PD : NPD vrabtio significantly
greater than unity. Similarly, for unlinked gene pairs. the ratios

of PD : NPD : T asci are expected to ;be .1 :.1 1 4 (61)... Gene-centromere

linkage was detected by the observation of a second division



segregativon' frequehcy (SDS) fr'e"qti'ency significantly less than 2/3.

This fr_e'qlienc'y_ can be determined by observing the frequencf of T

‘asci when one of the two genes is known to be centromere-linked

and its: SDS freqﬁency' is.also k_no_wn, Thé' rc’alvatio_n‘ship of theée
q'uanti.t‘ies can be expfl'essé’d in the‘equation (72) T =x+ y - .% Xy,
where x evcvluals —the SDS frequency of the gene in qugstion, y equals
the SDS 'freque'néy of a known cen.t.ro'rnere'—lirik'ed gehe, and T equa‘lsv
the fr’eAquc‘ach of tetratype asci resulting from a cross in which both
genes are segregating. When'y is very close to zero, which is the
case f&xf"the gene trpl having an SDS f-requenéy, equal to 0.94% (61),
then X.is \}ery nearly equal to T. These mapping prOc'edﬁres are
usually Carriéd' out With'completé‘tetré.ds. " Random spore analysis

may also be used in mapping.

- 5. Detection of.re\Lgenes in tetrads. = The s_egregatioﬁ of
genes vbloc':king UV-induced reversion could be detected at first only
in stl;ainé-also carrying highly révertible markvevrs', éuch as arg4-17,
his5-2 énd lysl-1, Fthe diploid was horhqzygbué for any or all of these
marker‘s, then all four‘spores in each ascus could be analyzed for
their revertibility. The procedure involvedfreplica-plating the
YEPD master plate cdntaining the tetvrads o'ntovtwq plates of the
appfopriate omission m_édia‘, e.g., onto two C-AR platées. One
plate regeived ti’le Optimum Inducing Do'sevfor UV-resistant haploids

(see Materials and Methods, Part H), while the other served as a

control for spontaneous reversion. After about 4 days of incubation

13.
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at 3OQC,‘ spore clone ii‘nprints in v.vhich reversk_ion had taken place
could be_' identified by revertant colonies growirig on the irradiated

‘ replicé. Observation of revertants indicated that these Sporevs_ were
. not U\/;—éensitive and had full reversion abi.lity.b By contrast, W
strains carrying genes blocking reversion‘or _c.onferripg uv-

sens;itivity produced no induced revertant clones on the background

| replica.

E. Dose fesponse frjeasurements

1. Growth conditions. A small number of cells was streaked

.out onto YEPD to yield single coionies. Thé plate _.was incubated
until Single colony isolates, apf)eared..\ Then aé_ much of the eﬁtire
singlé-ébldny aé possible was transferred into a test tﬁbe containing
10 ml of liquid YEPD. This inoculum was then shaken at 30° C for
about _4-5 days. The remaining celié in the colony \%zere trans-
ferred to aﬁother YEPD plate and allow‘ed'.to grow ﬁp. " After 1-2 days
of incubation, this plate .Was‘ replica-—plated to omis sion. me dié and
other.pvla.tves to test the phenotype of the vcvultur'é. 'Thus, the pheno-
type of each strain cultured in this way was verified before the
actual quantitative experiment was performed. 'Inoculation of the
liquid YEPD with cells from a single clone assured that the inoculum
contained a pure population of cells ;nd not a heterogeneous popula-
tion 1l:h;at may have arisen on the slant. This could oc%:ur, for

example, by mutation to prototrophy conferring a selective growth
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advantage,'i by subpres sion or secbnda:ry ade mutation.

T'he liquid YEPD ciulture was harvested in.the following
manner. The cells were.centrifuged for ten minutes at medium
sp‘eed;(aBout 1506 rpm) in a centrbifuge (International Centrifuge,

Size 2, | 3/4 H.P., International Equipment Co., Boston) capable of
holding four 2 mm x 18mm culture tubes. The medium waé decanted
and the c‘elvl-s ’Washed twice with 20 ml of c'listillved water. The cells
We.re fheﬁ resuspended in a small volume of distillea'\}vater, the
actual .volume depending on thé revquired cell concentration. After
4-5 da'ys‘ of growth in YEPD, adding about 2 ml of distille& water in
this l'éf’st'_s.tepv usually .res.ulted in titres between 6 X 108 and 109
cells/ml.. These suspensions were then placed on ice and plated at
various’ dilutions for the determination of sur_vivval and induced
mutation as described below.

2. Survival. The survival curve for a strain after exposure
to a lethal agent is operationally defined as thé fravctio‘n of cells
compétent to form a colony after treatment as a function of the treat- .
ment dose. For UV.and X-ray survival, fhe cells were first diluted
and piated onto YEPD agar and then expo»sed to various radiation _doses.
When washed cell suspensions contained on the order of v109 cells/ml,
cont;rols were diluted usually va a factor of 106 and plated 80 that
about:lOO colonies would arise. For more extensive treatmént, a
largér number of cells was plated dependiﬁg upon the degfee of

killing, so that a similar number of surviving clones would also arise



16.

on the irradiated plates.

3. Induction of fevertants. Cells carrying auxotrophic

markers were tested for UV induction of revertants by plating‘ large

[ 108) of cells onto the corre sponding omission medium,

numbers (10
exp’osbi&ng the plate to UV, ‘incubating the plate fof 4-7 days, aﬁd
then cbunting the nuﬁlbber of revertant ciones. ‘ Control (zero dose)
rex}ersion frequencies were always assayed by plating siinilar
number.s of cells, but without su:.bsequer.lt radiation treatment.
,_Usua.l_ly, duplica’;e plates atl two different plat)ingi densities, about
107 and 108 cells/plate, were employed to abhieve reliab.le: counts

over a wide range of reversion frequencies.

4. Complementation tests. Pairwise complementation tests

for the reversion function Were performed in the following manner:
Meiotjc"segregants of .reversionless mutants were chosen 1n both
rnatving types. All strains also carried the fﬁ.gﬁfﬁ allelé. Every
stra'i.n‘ in ’?hé a mating type was crossed to every other 1n 't..he' _o_(._ mating
type us:;mng the usual square array technique. Insteadvof is_olating |
single zygotes as described in Genetic Anélysis, mass matings of
pareﬁtal strains were used. That is, small por‘tionsr of fresh cul-
‘tures of the parental strains were mixed together on YEPD and the
plate incubated overnight at 30°C. S.ince diplqids _gréw faster than
haploids, such overnight growth served to ehrich the diploid fraction
in the total population. To further enrich the proportion of aiploids,

small portions of these overnight cultures were transferred to a new



' YEPD grid and again incubated for 1-2 days. This procedure

resulted in an almost entire1y4 diploid population. Haploid cells’
which had not mated during‘this incubation period were strongly
selecfed against on the basis of grbwth rate,

The YEPD plate containing the grid éf e_nr_iéhed' diploid cultures
was then:f_eplica;-plate'd onto two C-AR plates. . One plate received
20 éecon.dsA of UV wh'ivl'e 1‘:hev -othgr (g:onfrol) received néne. In UV-
re sistént diploids this do:se.ill;xdx_J;cés arginihé_ reve_rtants approximately
100-fold over fhe spfmtaneous frequency, while ‘s.ur.v‘iva.l reméins
nearly 1070%. Diploids in which con;'lplementat‘io.nv'qf the }'evgrsion :
funcfcion h_ad océur_fed were identified by the presenc.e of UV-induced
arginine revertants after incubation for about 3 day's; Absence of
indu_ced_reverfants was considered as evidence for noncomplementé-

tion of the reversion function.

F. Detection of locus and suppressor revertants

| thven échfe—suppressible alleles st‘lbch as‘ il:_g:é—_ﬂ and hfi_l_-_l_
are jnduted to revert to prototrophy, each prototroph may represent
either“an induced external suppressor or a wild-type gene, resulting
from a—ri.alteration at the mutant allele site. Revertants of :ai_gfl_-l_z,
for_exa.rh'ple, were tested to determine Whethé,r or not the reversion
was due to suppressor induction. Plafes containing 'révertant clones
on the selective medium, v‘C-AR, were replica-plated to other

omission media corresp/ondirgi to the other ochre-suppressible allevlesb



present, e.g., C.—LY‘_if 1X§_1_~_1_ waé also carried ih the strain. If the
revert#nt grew on af _1?3ast one vother. omis‘sio‘n p'lafe, it was scoréfi

as a suppres_sor.. Revertants‘r_mt sgored as sﬁppréssors by this
method.»were ponsidered as site r“e.vertants (53). Classiﬁcatiqn !of the
- suppressors was not attemptéd. Since reverta;nts werggenerally
tested for-suppressors on only one or two othe_f .ornis s.ion plates,

some suppressors in.other classes >mvay have gone undetected (60).

Thus, the estimate of site revertants represents an upper limit.

G. Measurement dfg;;nduced irutation.

_.The inducéd mutation frequéhcy is expressed in units of muta-
tions per survivor. That is, mﬁtatiopé are _ob’served ohly in cells
which survive the mutaggn and grow fo onvrlin a éolony. " The procedure
empioyed'in calculating induced réverﬁsvion_freqvu.encies \;_va.s as follows:

Cells '_wév're plated and irradiated é;s 'describ_ed ‘pvrevio_usly‘. The proto-
| trophic coldnies growing on the omission medium after incubation
were considered to be revertants. In thebvcase of 'induce_:d .reversion

of ochre-suppressible alleles, plates with_revertant clones were
tested for the presence of suppfessors as déscz;ibe‘d previously. Let r

equal the total number of revertants (locus and suppressor), N equal

the number of cells plated, S equal the surviving fraction, and f equal

the fraction of total revertants carrying suppressors. Suppressor
_reveréion frequencies were calculated as r{/NS and locus reversion

.fre.q'uericies as r(l-f)/NS.

18.
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In the case of forward mutation induction, a different procedure
was employed. Sinc_e'au)(otrophicvmutants cannot be selected on the

appropriate media, a large number of surviving clones on nonrestric-

tive médium (YEPD) must be examined separately for the detection

of forward mutants. The total number of mutants obseri(ed divided

by the total number of clones examined represents the forward muta- -

 tion frequency. Since all cells not surviving the mutagen treatment

are not examined for mutations, the per survivor basis of this frequency

is implicit in the scoring procedure.

H. Determination of the Optimum Inducing Dose of UV

A given UV'dosé_will increase the reversion frequency (per
sﬁrvivor) aboi}e the spontaneous leve"i, but it will also inhibit colony
forming ability ‘in’a fraction of the popula’cioh. Thus, depending upon
the relative rates of inactivation and reversion induction, the frequency
of .reVertants' (perﬁcell‘ plated) may decrease, remain constant or
increése with UV dose. In the latter case, a maximuni value is
usually reached. The UV dose producing this maximum is galled
the Optimum Inducing Dose (OID). After the OID is determined for
a particular strain, all derivatives of that strain obtained by mutagen
treatment can be initially screened for induced reversion ability by
obsering the reversion response after exposure to the OID. Lack
of reversion after the OID indicates that the given strain ma'y be

blocked in reversion induction. It may be only UV-sensitive, however,



+

an‘d a quaﬁtitative test is required to distinguivsh between fhese
alternatives.

Since Er_g_:}:_l_z éxhibits a high U;\f-revert_ibility'(76), révefsion to
‘prototi.'ophy in arg4-17 straiﬁs provided a convenient systerri for
detecting mutants unable to undergo -reverbsv;-ion. For maximal
discr’iminat.ion of putative reversionle.ss mutants from wild-type,
the OID. of strain X1687-16C was rﬁeasured for arginine reversion.
Approvximately 2 x 106 cells were pléi;ed onto each of a number of
C-AR plates. ‘The plates were then exposed to v'éryi’ng‘ doses of UV
and incubated. The number of érginine r_evertanté per plate was
deterfnined. The dafa afe shqwn in Figure 1l.. On the Basis qf th_js

experiment, 345 erg/rnm2 was chosen as the OID.

I. Induction and gelection of ‘teversionless niutants

o Cell.s of the sfrain X1‘687.- 16C were treated with 3% éthylniefhané-
sulfonate (E’MS) for one hour according to a similar m.etho'd amployed :
by I_.,.in_degren et al. (51). Cells. from an overnight .culture or.1. YEPD
agar wére suspended in 9.2 ml of 0. 067~_1\£ Sorenson's buffer (pH 8)
at a‘ppréximate_ly 107 cells/ml. Then 0.5 ml of 40% dextrose solu-
1:ivon~ ;nd-O..3 ¥n1 of EMS were added to the suspension and shaken
genfly ;t 30°C for one hour, after \;;rﬁich 0. 2 ml was _r_erﬁoveci and .
putvini.:o 9. 8 ml of 6% sodium thiosulfate solution to inactivate the EMS,
After at lgast 10 minutes in sodium thiosulfate, ti;le cells were diluted

further and plated onto YEPD to yield 50-100 clones per plate.

20.
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Figure l.--Reversion frequency of arg4-17 as a function

~ of UV dose in X1687—16C. '



'.Eac}i YEPD plate was replica-plated onto two C-AR plates,‘
after about 4-5 Vday's of incubation. | One of the lreplicas receixl/ed the -
OID, 'While the other served as a control for spontaneous‘ reversion.

: After_»ab:out_tl déys of incubation in bthe‘dark at 30>°C, betweeﬁ 10 and
‘ZO r‘e\vu‘_ertantvclones per colony replica were obéer‘ved on the UV-
treated piate, but none or very few Wefe formed bn thg control plate.
Most colony replicas exhibited these UV—ix‘lduced. revertants, but
‘some .\‘fariled to show any or only a very few. The clones on the
YEPD master plate corresponding ':to these nonreverters: were
identifiéd an.d" portions transferred to a new YEPb master plate forl

further testing,

J.  Exclusion "fests

Initially, a rev mutation could only be deteé'ted by observing

its éf'f‘ect on the reversion of another mutant al‘léle',‘ e.g., arg4—£.

However, several other alterations could simulate the phehotype '

expeéted of a rev mutation. Such false rev mutations could include

mutation at another arginine gene, at a géne confr-oilin'g the synthesis
“of ajproduct not in the synthetic rn'ed‘iu.rn,' at anofher ailele Ain _aig_él,
and a mt_J;tation to UV-sensitivity. The following tests were carried
out bn putative rev mutants to evaluate -thése possibiiities:

1. Preliminary screening. Reversionless mutants were re-

tested twice for the reversionless phenotype. In the first test, the

- YEPD master was also replica-plated onto synthetic complete agar

22,
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in'additiqh vt-o C-AR. Those mutants unabie to ’gro‘w on complete

were e_x'cl'ud.ed from further study. Such mutants ‘would not be expected
to prddu;:e' revertants of :a_._lﬁ-_l_z on C-AR. In't.his case, lack of
reveré’ioﬁ was atti‘ibuted to.this new seéondary érowth Ifequirement.

Also excluded were mutants exhibiting reversion on retesting.

, Presumabiy, these represent phenotypic overlaps due to sampling

error. In the second test, the remaining mutants were retested
for the capacity to produce UV-revertants to arginine independence. .
Those isolates producing none or very few revertants were retained

for further testing.

2. Suppressibility test. _ As a second éérezgniné procedure,
suppré's‘é_:orvmutations wé're selected on C-HI-TR medium in rever.sion—
less s‘train's. These suppressors were then tested for grdwth on
C.-AR. The procedure involved plati.ng a large number of cells
(greater than 108 cells‘)- onto C-HI-TR agar and incubating until prtjtb—
trophi;: colonies arose. These colonies weré..considered to cérry

ochre-suppressors, arising spontaneously, since two ochre-

supbressible markers, his5-2 and trp;5—:1_§_, had apparénfly reverted
éiinultaneoulsy. ‘Plates containing these suppressor-beariné
colonies were replica-plated onto C-AR. | Lack of grthh on C-AR
indi'cated»the probable existence of another defective arginine locus
or anothér defective arg4 allele. Such reversionless bstrains were

excluded.
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3. . Cross to wildr’éype. To conclusively .dt"-:_termine the arginine
genotype'éf reverSionlesé straiﬁs,,'crosses were made to the wild-
type SZS‘SIC'.. After tetrad analysis a ratio of two spores growing to
two sporeé not gf'owing on C-AR in.'a_.ll as.ci indicated that the '
arginine .requ'ir.emeﬁt was confined to the _é._fg_4 locus. The reversion-
less phéh_Otype was scored iﬁ tetrads as describ_ed prgviously. Random
segre'gafién of thev'rleversiohless phenotype relative to thé arginine
requiférhént indicated tha_lt UV-reversion was Bloéked by a gene that
was not linked to the argd locus. .

‘4. Single gene segregation. The remaining strains were

crossed to strain X1687-12B. In these diploids %Q_l_l was homozy-
gous and UV-induced reversion of this allele was examined in’

every .se‘gregan't. Observation of a 2 : 2 segregation pattern of
vrever'sion : no reversion inall asci after UV exposure to the OID pro-
vided evidence thaf av single nuclear gene diffefehce was respdﬁsible
forlack of reversion. The SDS firéque‘néy wﬁs also "est'irnavtved for the
reversionless gene relative to a héterozygoﬁs, centromere-linked
.lnra rker, leul-12. A value significantly 1e‘ss than 2/3 indicated that

the locus preventing reversion was linked.to a centromere (27).

5. Quantitative reversion induction. The entire isolation pr'oé
cedure was considered complete only when each tentative reversionless
mutant was shown to exhibit a reversion frequehcy lower than wild- .

type, on a per survivor basis, for every UV dose. A UV-sensitive

strain may produce many revertants, but a large fraction would be

24,
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inviable after receiving the OID for resistant strains. The OID for

' UV-sensitive strains would be considerably smaller, since the OID is

a funct_idn‘l_of_UV‘—sensitivity. Resnick (76) isolated a number of UV-
sénsiti;}e 'muténts in yeast and found that fevérs_ipp inductibn curves
for a 'nurr.;ber 6f'known alléles rose faster than»vc‘oht.rol in these
svtrairisb. Tentative reversionless strains were grown on YEPD and
tésted for UV survival and i_nduced reversion of _aﬁg_g—ﬂ, according

to the procedures described in Dose-response measurements.

Strains showing a locus reversion frequency equal to or greater than

control (X1687-16C) at every dose were excluded.  This includes those
for which the apparent reversionless phenotype.is due only to greater
UV-sensitivity., Those exhibiting lower locus reversion than con-

trol were considered to be defective in UV-induced mutation.
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IIIL o : - »
RESULTS

A. Isolation and #llelism of Zeversionless nfutants

. Reversionless mutants were isolated in t\‘avo separate
experiments. In the first experiment, approximately 28, 000 éio»nes '
sdrviying the EMS treatment were tested for UV—induced rgversion.
The EMS survival was about 50%. There were 262 c‘lonesv, that_

~exhibited the reversionless phenotype. After allr false mutants were

'exclgded, five remained. As mentioned previously, the overall '

selection procedure included genetic testing _of_'r:e\‘rersionless

mutants 1:0 determine that the reversionless .character in evé?:y

mutanf wés d.ue.to'tv:he presénCe of a singIe locué. Such lovc':.i exhibitéd

thé ext)ected 2:2 ségrega’tion pattern. when heterozygous in diploids. “

‘The five mutants isolated were given identification numbers r_eferringr

to the o.rder in which they were seiécted: X1687-16C-235, -63, —v1.84_, |

-255, and -10. The notation -63, for example, is an abbreviated

form of X1687-16C-63. | - 3
To determine whether any of the revérsionless sf.fains might be »

allelic, complementation tests weré performed. The results fovr the

first group are shown in Figure 2 Mutants -184,v -255, ahd -10 do not
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N\ |[xve2c | xv21B | Xvig-6D | Xv82-78 | XY84-3¢
- a | —238) | (-63) | (~184) (—255) (—10)
xve-28 | _— | 4 A T
(—235) :
xv22¢ | N . . .

(-63)

| xv1,9-4'c, | . B B

(—184) 4+ +
Xys2-1¢ | | _ _ B
XY84-5D _ B .

(—10) + +

DBL 708 5851

Figure 2. --Complementation tests for reversionless strains, The ,
numbers in parentheses identify the original mutants isolated. Strains
used here are gmeiotic segregants of these mutants. Minus sign
indicates lack of arg+ revertants in diploid cultures after UV exposure -
of 20 seconds (530 erg/rmnz). Plus sign indicates presence of

UV-induced revertants.
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gcdrhplqmeﬁt one another but:do cOmplement. .;23'5 and -63. Each of .
the'se tw6 _corhplémenf all of fhe other"four‘." Thus, the five mutants
.fall in_fo three compiementation gr'ouvps. Mutants -235 énd -63 each

' fepréSéﬁt the firs.t two groups; “while mutants - 184, .-255 and .— 10 for"rn
the third. éroup.

To determine Whether fhgse'thrée complefnentation groups
corresi)'ohd to'th.ree éeparate genes, diploids bi'nvol.lvin:g all pairwise
combi‘hatidns of the fivesmutants were sporulated. In Table la, random
spore.;'i.ﬁfal'ysis of homoallelic diploids. indicates that the frequencies of
sporéé exhibiting Wild4t$rpe reversion 1s ver}; small, 'Dibloids
exhibiting .complemeﬁtation for _tile reversion fupction produce revert-
ing spores at frequencies significantly greatér than zero. Some of »
these vax_'e signiﬁcant.ly different from the exp'ec_ted value of 0. 25.

Since vthe sporé clones were not selected to exclude diploids,

contamination of the random spore éample with unsporulated diploids

prbbably occurred. If this contamination Was appreciabl_e, the
frequgncy of reverting clones would be .highe'r‘than 0.25, since these.
diplbids_ undergo complementation and therefofe do exhibit reversion.
Al.so,’ variations in the PD :.NPD ratio w.ould increase or decrease
the f‘requéncy of reverting clones from the expected O. 25 as .ciiscussed
below.

Let a and b be reversionless genes in crosses a x_]é_. After
sporulation, PD, NPD and T aséi would be produced with the folllow-.

ing phenotypes:
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Tablevl_‘av._'—_-Rarid'om épore analysis of diploids from the complementa-
o tion tests ' ’

. + . |Total No. . No. Rev# | No. Rev+/Total . L
Diploid - |of Spores | Observed| Expected®| Observed|Expected* x2% P(x?)
235x235| 209 0 0 0 0

63x 63| 316 2 0 0.0064 0

184x184 216 4 0 0.019 0

255x255 | 336 6 0 0.018 0

10x 10 809 2 0 0.0025 0

235x 63| 648 ' 98 162 0.15 0.25 = |33.7 <£0.01
235x184 139 | - 27 35 0. 19 0.25 2.4 >0.10°
235x255 | - 151 52 - 38 0.34 | 0.25 6.9 €0.01
235x 10 786 100 197 | 0.13 | 0.25 63.8 «0.01
63x184| 268 . 54 67 0.20 0.25 3.4 )0.05
63x255 | 392 37 98 0.09 0.25 50.7 0.01

*See text,

Table lb. --Tetrad analysis of diploids from the Complementation

"fests
Diploid No. of asci PD ' NPD T %T
63x10 8 1 3 | o | s 0.63
184x255 11 ] 11 0 0 0
184x10 10 0 | o 0 0
255x10 6 6 0 0 0
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o PvaUV—re'versic')n NPD UV-reversioh-"T UV—re{rersion.

a+t - ab - ab -

|- 3 |- e
+b - ++ + o o4bt - -

+b | - o+ + ++| o+

The numbér ofispore-'cvlones exhibi't.ingll‘JV-réve‘rvsion in the PD,; :
NPD, and’i' aéci .a'ré'(), 2 anc..i.'l, resp‘ectiveiyfb Two uhlinked gen’es
are expeétéd to yield ratios ,Of Pb : NPD : T eéﬁél tol:1:4. "Thus,
1/4 ofvi all random spores.reverf. An inci‘ease in thev PD : NPD ratio?:
because of linka._ge, ‘however, can also decreasa the fréquency of
reverting spores from the expected 0. 25. ‘Thus,b -235, -63 and —184
were all considered to carry single, unlinked r-eversionless loci. |
In Table 1b diploids not ekhibiting'cpmplementation were found to
produce only PD asci when analyz’g'& by tetrad analyéié and wére

therefore considered to be allelié. On the basis of these results, .

the genes responsible for the réversibnl_éss phenotype ‘in mutants

-235, -63, -184, -255 and -10 were denoted as revl-1 rev2-1, -

rev3-_1_, | rev3—_g and rév3-_§, respectively..

A second g_roup of mutahts wés then i"s‘olated. , In the second
v experiment, a slightly different procedure was employed to facili-
tate the isolation of new mutant loci. Aboui 9000 clones were - - - N
‘screened for reversion as deScribed previously. The EMS-survival
wasj-abogt 30%. There were 330 ;:lones that exhibited the reve.l;sion—
less \phenotype. These mutants were subjected to preliminary

screening tests (see Materials and Methods: preliminary screening



and.suppresSibility tests)' to exclude most false mutants. There were

300 mutants excluded from further considerati‘on"b.ybthese tests. The

remaining 30 reversionless mutants \éve're tested for ability to comple-

ment three strains each carrying one of the following alleles:

revl-l,. rev2—_1_ and rev3-1. Of these 30, two did not complement

revl'-l,. two did not complement feVZ—l and 11 did not corﬁplement

rev3-l. " Such noncomplementation was considé_red to be due to

allelism of the strains involved. ‘The remaining 15 complemented

“all three testers and were subjected to further testihg.

Each of these 15 mutants was crossed t_d the wild-type strain
S288C. After sporulation, the spore'cvlone's were aria.lyz"e'd by tetrad
analysis. Three of these mutants failed to exhibit a 2 : 2 segregation

pattern for the arginine requirement. This indicated that the arg4-17

“allele was not the only arginine locus controlling arginine biosynthe-

sis in the mutant. Since this probably accounted for the reversion-
less phenotype, these three mutants were excluded from further

study.‘ The 'remaining 12 reversionless mutants, however, did

-exhibit a 2 : 2 segregation pattern among the spore clones in

each tetrad. The’ réversionless chafacter wés not linked to the
argini_ne ‘rvequire.menf, iT e., g._r_gé,in these tetrads.

Meiotic segregants of these 12 mutants were isolated in.both
mating-types and pairwise complementation tests for the UV—rever;
sion function were carried out to determine if any of these‘ 12

mutants were allelic. There were only two mutants that did not
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-complerhen’t, i.e., failed to produce UV-revertants of varg4—£ in

the diploid.‘ Thus, of 12 putat_ive reversionles.é mutants, there were
11 comblé'méntation groups, each group béing: différent from the
three gr:;?ups sepé.rafely defined byv_r_<_3_\_r_l_,r reva é.nerv& - |
Eight of these 12 mufaﬁts (iric.lluding t}..1e two allelic mutants)

were later found to be UV-sensitive and exhibited Optimum Inducing

Doses much lower than the Wild—type strain. These were excluded

since they had reversion ability. Since they were also UV-sensitive,

however, UV-induced reyert_ants were inv.i'ableb after the Optimum
Inducing ljose foi' the wild-t'ype strain. 'Thve. 'rémaining four mut-ants
were only moderately UV-sensitive but all'ei};ibited a quantitative
UV-reversion response (per survivor) equal to or greater than the
strain v}il‘d—t}.rpe'forv reversion. These r‘emaining four mutants wer.e
also excluded.

‘In summary, 20 rev mutants were isolated. -T'hree were fdund
.to carry a gene dehot'ed_as revl, tiaree 'clz.arvried a 'gené deno"tec_l‘a_s'
an‘Ldv14 carried a gene denoted.as rev3. Table 2 shows a list of.the
mutants"' isolated and their corresponding ailele designations.

Of these 20 mutants, five were identified on the fi;'st trial
from a total of about 28, 000 clones when the E.MS survival Was about

50%. Fifteen were idkentified on the second trial from a total of about

9000 clones when the EMS survival was about 30%. The difference in-

- induction frequencies was probably due to the difference in survival

levels. A lower survival level after EMS treatment would yield a

rev2a
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Table 2. --Allele designations of ¥eversionless rjutants

Mutant Number ~ Allele Designation
‘)21'687-160"-235 - | revl-1
-265 revl-_é_
—575 | revl-3
-'Xl‘6‘87-16C- 63 : | revZ—_l_‘
| 311 re§z-_z_"
-538 - | g rev2-3
X1687-16C-184 rev3-1
255 . rev3-2
- 10 rev3-3.
-278 . re‘v3—_£:’c_’- ’
-299 Ny o ' rev3'—_§
308 | o rev.3—£>_..~
—340 | _ - . rev3-7
-345 rev3-8
-497 | ‘rev3-9
-541 rev3-10
a6 C rewsill
546 5_?_\13_;2
. =542 ~ rev3-13 .

-308" : rev3-_l_fl_
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higher ‘freqﬁency of mutation. Thevdiffe'rence in iﬁduétion frequencies
can also be accounted for by the slig};tly _rnc~'>vre .lilb.'era;l‘ initial screen-
ing procedure used in the second»experi‘rnent. In the searéh for new
Z.?_Y_ loci, replicas_ exhibiting reduced humbérs of _reve‘r‘tants were con-
gé’id'ef‘e;dﬂ .in addition to those having none at all.

It appears that the number of genes contr'ol.ling UV-induced
re‘ver‘sbi‘on in yeast is vquite small. Oﬁly three genes were found in
this study. In contrast, Cox and Parry (14), ‘i'n.an atterhpt to estimate
the number of géhes controlling UV-sensitivity in yeast, found
96 UV-sensitive mutants that occupied 22 different loci, but UV—

| induced mutation was not measured. The rev genes also have the
UV—Sénsitive phenotype. Thus, most UV-sensitive niutatioﬁs leave-‘ the
inducéd mutation phenotype unchanged or en?lanced (2, 64, 79, 111),
while very few result in a reduced mutational response to UV. In tlhe .-
" present »study,' 12 UV-sensitive mutants exhibifing reversion ability
wer‘evi'so"iated and found to represent 11 complementation groups.
It 1s possible to aséert that many of the _rﬁy_ alleles, especially

rev3 alleles, are not in fact different alleles of the same gene, but

exact copies of the same allele which arose by cell division dufing or
after the mutagen treatment. This is unlikely since the conditions
of EMS treatment were not favorable to growth. In addition, the

ratio of.:nﬁmbers of“févl : rev2 : rev3 of alleles isolated in the two

separate experiments was abott the same, i.e., 1 :1: 3 for the

firstand 1 :1: 5.5 for the éecond\experiment. The twenty rev
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mutants probably represent different alleles. N

Of thé rev genes, rev3 was induced with a relative frequency

almost five times that of either revl or rev2. This could occur, for

example, if the rev3 gene was about five times as large as either

revl or rev2. Eéposito (18) and Jones (38)'déscribe experiments in

.~ which the mutation rate'correvspOnded to . the length of the gene,

determined independently by inter-allelic mapping. Theoretically,
this hypothesis concerning rev3 could be tested directly using inter-

allelic X- ray mitotic mapping (54), but such a measurement is not

feasib.l_eAabt this time becé.ﬁse of the p.henotype associated with rev.
‘Meoitic r;uapping, however, offers a brighter prospect since
meiotic -recombinatibn occurs at a higher frequency than mitotic re=-
combin'vati.on. After_sporulz‘ition'gf bhete_roallelic E_Y. diploids, clones
devel.épéd from.random spores could be tested for their UV-rev_ersion‘
ability'.' éuch reverting ascosporal cy:lones» ébuld ariée as a result of
a reéiprocal exchange between the alleles or by g.ene conversion of
one of the alleles to wild-type. The' frequency of UV_-reverting spore
clones could then be used as a relative '.'measu_re of the distance |

between rev allele pairs.

B. UV-induced reversion

1. Haploid Strains. In Figure 3 the frequency of locus revérf

sion of arg4-17 is plotted versus UV dose for 5 rev segregants:
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X1687-16C = REV arg4-17
XY6-5A revl-1 arg4-17
' XY36-3D rev2-1  argd-17
XY19-1D rev3-1 arg4-17
XY82-7B ~rev3-2 ~arg4-17
XY84-3C rev3-3 ~  argd-17

At a dose of 265 erg/mm  in the wild-type 109 revertants per 10

survivors are produced, while the corresponding frequencies in the

'revl_—'l, revZ—_l_, i'ev3—_l_,_ tev3-2. and_’re'v3—'_3_ $trains are about

3, 30,. 3, 30 and '12;respectively. Figure 4 shows the frequency of

.i.n.duced suppress‘ofs f)lotted versus UV dose for the same strains.

The fréquency of induced suppressbrs was calculated by subtracting

the spontaneous value from the suppreé;or freqﬁéncy at each dose.
These resultsv quantitatively describe the reversionless

phenotype on which the selection of rev mutants was based. The

frequencies of UV—inaﬁé,ed locus reversion of a_i‘_g:4_—;l_7_ at 265 erg/mm?
in thesé 5 rev strains range between about 1/30 and 1/3 that of the» “ |
Wild-jtype. The rev3 alleles reéul_t in different reversion phenotypes,
‘.spanninvg the ven_tire range given above. |

. Su»ppressor mutants. of arg4—_11 are indﬁced by low UV doses.

in the re'vl—_l, revZ-l, and rev3-}_strains a_f rates equal to or less
than that in the wild-type. The g_e_\_ré_-z_a'nd _1_'5;\'2-2 strains have greatef
induced suppressor frequencies. If suppressdf% arise from addition-
deletion events, as suggested by Magni et_a;l_.' (63, 53a), the rev3-2

and rev3 -3 alleles may block the repair of such premutational damage

which'in turn is eventually converted into frameshift mutations by



Figui’e 3. , Locus reversion of arg4-17 vs. UV dose’
in REV and rev haploid strains. : .

- Figure 4. Induced suppressor reversion of arg4-17

vs. UV dose in REV and rev haploid strains. Frequencies

. were calculated by subtracting the zero-dose frequency from

the frequency at each dose.
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another pathway.

| In both rev and REV strains the spont.ahe"(;ﬁs.arginine rev-
ertant:vs 'v_‘/.e.i'e due almost entirely ‘fo supprésso'ris..ij In the _I_Q__I?y_ sti_‘ain
siippre’s's'drs are ind'..ucevdb at a rate fa’r’-beloW the rate of indqétion of
lo'c1.1s revertants. That is, most of the total UV-induced re\ieirtarvlts
are locﬁs re\‘rertantv‘s.v ‘This was also ob’séfved by' Resnick (79). In
_rﬂ st’i‘ains, however, since locus reveféion'ié éiéﬁiﬁéarit_ly 'réd,uced,v
a largé proportion of the total UV—induced.reve_réa;nts is due to the
induc_f.ion_of suppressors. |

2. Diploid strains homozygous for rev genes.

| Diploid strains homozygous for the three rev genes were con- -
structed by crossing haploid segregants carrying the same rev
allele. The following strains were used:

XY 129 REV/REV argd-17/argd-17

XY150 revl-1/revl-1  arg4-17 /argd-17
Xyla27 rev2-1/rev2-1 argd-17/arg4-17
. XY 186 rev3-1/rev3-1 ~ arg4-17/arg4-17

The reV3'—_2_ and rev3-_3_ alleles were not studied. The induction curves.

for the locus reversion of arg4-17 in these four diploid strains are

shown 1n Figure 5. As in the haploid case, the rev3-1/rev3-1

strain is most severely reduced in locus reversion induction, with

the revl,-l/revl-l strain intermediate, and the rev2-1/rev2-1 s_t;ra.in
least affected.

.'Figure 6 shows the fréquencies of induced.suppressor

revérsion of arg4-17 in these strains versus UV dose. As in the
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Figuré 5. . Locus reversion of arg4-17 vs. UV dose
in REV/REV and rev/rev diploid strains.

Figure 6, Induced suppressor reversion of arg4-17
vs. UV dose in REV/REV and rev/rev diploid strains.-
Frequencies were calculated by subtracting the zero-
dose frequency from the frequency at each dose.:
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héploid, i' thé induction of 1_oéus fevertaﬁts in the _I_%_EX/_R_I:S_X

diploid is far greater than that of. suppressor vrevértants.’- The av
doses 'employed in the measurement of UV—re{rérsiQﬁ and UV-survival '
_i-n vdipl.o'id‘ strains were much greater than thos.eb used ih. the haploid.

In the low dose region,' the rev3—_1_/rev3—_1_ strain is severely blocked

in suppr_éésor induction and the revl—}_/revl—_l_ strain appears to

have a similar suppressor induction response as the control. The

rev2-1/rev2-1 strain, however, appears to have an enhanced

suppressor induction.

3. vDiplo‘id strains heterozygous for rev gen’es; Figure 7
shows the curves of UV-induction of arg4-17 locus revertants in the

following strains:

XY63 = REV/REV arg4-17/args-17
XY6 revl-1/REV arg4-17/arg4-17
XY64 o rele_l_/revl-_]:_ arg4-17/argd-17

The strain heterozygous for revl-1 exhibits an induction curve nearly

equal to that of the REV/REV strain. The r‘e'vlv-.l_/revl—_l_ homozygote

is s;é\'r'érely reduced in UV-induced reversion of barg4:_}_7. The same
‘effect was seen with respect to UV-survival. This shows that

revl-1is recessive to REV1 with respect to both the reversionless

| and the tJV-sensitive phenotypes. Diploids carrying revZ—_l_/REV

and. rev3 —_l_/REV were also found to exhibit UV-survival and UV.-
reversion phenotypes similar to those expressed by REV/REV dip-

loids.. Thus, both rev2-1 and rev3'-_1;“\gvere also considered to be

recessive to their wild-type forms. The complementation pattern ob-

tained for reversionless mutants (Figure 2) supports this conclusion.
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C. UV-sensitivity

I Haploid strains. The three rev geneé é»a'.use_ cells to be

moderately UV—sénsitive. " The UV-survival cﬁrves of the hapldid

rev strains discussed previously are shown in Figure 8. Cells

carfyirig rev3-1 are more UV-sensitive than cells carrying either

revlv—_l_.-or rev2-1. Further, all three strains’ carrying a single

.mé.llele appear to be about equally UV-sensitive. The Dose-
Redﬁc'tion Factor (DRF) at S% s‘urvivé.l of one strain compared to a
_réferénc'e' strain is defined as the dose required‘to reduce the
survivai of the reférence strain to S% divided by the dose required
to reduce the survival of the strain in questiori to S%. The DRF's at

40% sui’vival for these rev strains compared to wild-type are 3. 7,

4.3, 8.5, 8.5and 8.5 for the revl-1, rev2-1, rev3-1, rev3-2 and -

rev3-3 strains, respeétively; '

“If at equal vsurv-ivalv levels the nuvmbers of unrepaired lethal
lesions are equal, assuming vthat defective repair of lethal lesions is
respobnsible for I‘JV-bsensitivity, then the DRF éives a measﬁre of
the amount of lethal damage that is repé.ired in the wild-type

strain relative to the sensitivwe strain. That is, the revl—l strain

repairs 27% of the lethal UV damage normally repaired by the wild-

type. The rev2-1 strain repairs 23% and the rev3-1, rev3-2 and rev3-3
strains only about 12% of the lethal UV damage normally repaired by

the _wild'—type.‘ Unfortunately, the nature of the specific defective -
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repair-is yet unknown. The UV-ser;sifivity of rev strains could be
causec'l.'by'd;efective excision .repair or defective po:st_.-replication
repai'r.v' It has not been demonstrated biochemically, however, that
either of these procedures are operating in yeast é.s‘j;hey are in
bacterie;'. " Of course, there mayv'be‘_r‘epaixl' systems in yeast which
are not fpund in bacteria.

o

In_E__; coli B excision defective mutants (hcr) have DRF's of

about 20, while 'E_X_l:.- mutants-have DRF's of only about two Qiﬁthrée
(106), bbmpafed to Wild—type: The hcr mutants produce many_.frnuta-
~ tions among the survivors after UV exposure (29, 105). These
mutafi_oné_ result from the large hurn'bersv of pyrimidine dimers
which are left unexcised and which e.vevntually are conve rted into
mutat;ons, presumablyv by the pdst—repligation répair system (107).
On thé other hand, vno UV-induced mufatidns ére pfoduc_ed in é_x_1;
strainé (106). The rev mﬁtants in yeast appear »to be similar to the

exr mutants of_Fi. coli in that both are UV-sensitive to a moderate

‘degree (compared to other extremely UV-sensitive mutants in E. coli

and in yeast) and both are defective in UV-induced mutation.

2. Diploid strains. UV-survival curves were obtained for

the following diploid strains:

XY 129 REV/REV

XY 150 revl-1/revl-1
XY 127 rev2-1/Tev2-1
XY128 revi-1/rev3-1

XY 186 rev3-I/rev3-I
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"The curves are shown in Figure 9. In contrast to the haploid,

the reV3.—_l_/rev3-_1_ diploid is not twice as UV-sensitive as either of

the other two hémozygous l@z/zg_y_ diploids. All rev/rev diplo_ids.'
appear to exhibit approximately the same UV-sensitivity. The

DRF at 10%.survival is about ’2,‘ compé.red to wild-type. ’fhe mean-
in‘g.of-_ _t'h'e resistant tail on the curve fqr XY186 at higher UV doses
was ngf invest»ivgated in this study.. "The rev3 haploids were also

found to be susceptable to this tail effect (Figure 8).

D. Segregation of the rev phenotypes

Both the UV-reversionless phénbtype and the UV-sensitive
phenot;rpe segregate together after sporulation of rev/REV diploids
and are hence differenf phenotypic -expressions ofv a mutation affect-
ing svingle rev genes. These genes segregate in a regular 2 : 2
fashion during meidsis; This was a primary critérioh 1n the selection
of reversionless muté.nts.v In a siﬁgle ascus two_“spd'rés are UV-
re sistaht‘ like the wild-type and have reversion ability, while the other
two s’po.res are UV—sensitng and lack reversion ability. To illustrate
this point., each of the four spores from a single ascus, produced by

a revl-1/REV diploid, was subjected to a quahtitative test of UV-

survivvabl and UV-reversion of arg4-17. The following spores were

cultured and tested:

XY6-5A revl-1 v | ai'g4-_1_z

XY6-5B REV arg4-17
XY6-5C REV : arg4-17

XY6-5D revl-1 arg4-17
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N Thé curves shown in Figure 10 indicate that the :UV-senSitive pheno-
type segregates with the UV-re_v_ersionless phenotype. Simitarly,
it was found that every meiotic segregant bearing either rev2-1 or

' rev3—_}_ is also both UV-sensitive and UV-reversionless.

' E. X-Ray gensitivity

All three rev genes cauée haploid cells .to be only slightly
X-ray“sv'e’n_sitive.‘ Qvuantitati\.re compé.risons of X-ray sensitivit.y
in I_e_\i .haploids compared to wild-type was difficult because of the
characteristic tail on the survival curve at higher doses. This effect
is due fp the presence of budding cells in the'i'rraciiated population.
Such budding cells are more X-ray resistant thé.n non-budding cells ’
(4). Comparisons of X-ray sensitivitvaere made 1n diploid strains
" homozygous for 'EE_Z genes, relative to the wild—type diploid.
vDiplloids are in general mdré resistant to the lethal .effects of
both UV .énd X-ray irradiation than haploids. The X-ray survival
curves of the three different 1_'_61/1_'Ey_dip.1‘oids XY 150" XyYl127,
XY 128 and the wild-type diploid XY 129 are shown in Figure 11. The

revl—_l_/revl-l strain is.the moét X -ray sensitive with a DRF at 109,

' survviva'l of 2.4, The revZ-i/revZ-_l_ and the rev3—l_/reir3—1_diploids '

are less X-ray seﬁsiti_ve each with a DRF of 1 5 and 1.8, respec-
tively. As in the case of the UV-sensitive phenotype, the X-ray
sensitive phenotype segregates with the reversionless phenotype in

REV/rev crosses and is thus another expression of a single rev
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mutation. Thisv suggests the following.:‘ that Le_\i ge'nes may act in one
or more éathWays of the repair of lethal UV-damage; that these
‘pathways, when ;)perating in REV strains, also produce UV-induced
mutations among t_he survivors; and fhat the ,pa.trth'Way's of repai'r of

' lethalbx_‘—lviay damage may share some common stgps with thpée of the
repair of iJV-—damage. The Ei‘ﬁ mutatits of E. g_c)li are also X-ray
sensitive, as well as UV-sensitive (34, 81). That rev mutants are

both moderately UV and X-ray sensitive is consistent with the

hypothesis that they lack functions analogous to the exr+ function in

bacteria.

F. EMS-sensitivity

Thé alkylating agent ethylmethanesulfonate (EMS) is both lethal
and muta;genic to cells. In bactel;ia the lefhal action of 'movnofunctional
alkylatiﬁg ageﬁts such as EMS is attributed to single?str‘ahd breaks in
DNA revg,:ulting from h}lrdi‘olys'isb of trie s'tér .ph'osplha.tes (1) ox"z‘fvollo‘wing
depurination (9). X-rays aré also fhought to produc'e single-strand
breaks val‘dng"-;tHe's_parental baékbone of DNA (19, 39, 57). If-‘
EMS-induced lethal démage in yeast is repaired by‘ pathways not involving
the repair of UV and X-ray lethal damage, then rev strains would be
' expected to show the same sensitivity to killing as that exhibited by

the wild-type. If some common steps are shared, then one or more .

of the rev genes may cause cells to be also EMS-sensitive.

The following strains were tested for éensitivity to EMS as



measured by colony survival after varying exposure times:

XY 129-2A REV

XY14-28A  revl-1
XY36-8A - rev2-1
XY38-3D |  rev3-1

.The proc_édﬁre followed was the same as that emplo?ed in the.
_originél induction of rev mutants as vdesbcribed in Wtérials and
Methods (51), except that the cells were incubated in 3% EMS for
varying 'lefngths' of time instéad of oﬁé hour. ‘ The survival curves
are sho.v_v'n in Figure 12.

The revZ—l_and;r’eV3—_1_- strains each exhibit'approximately

the same EMS-sensitivity and are much more EMS-sensitive than

the REV strain. The dose reduction factor at 1% survival is 2.7.

The revl-1 strain, by contrast, appears to be as EMS-sensitive as

the wiId-type as measured by the slopes of the survival curves, but
more E_MS—_sehsitive than control (DRF of 1. 1) when compared on
the basis of survival alone because the shoulder is somewhat smaller

than the shoulder exhibited by the 'v_vild—t.ype. These results .sugge st

that rev2-_l_ and rev3-1 (and perhaps revl-1) may block the repair of

EMS-induced lethal damage. The case of EMS-induced mutation

will be ¢ orié ideréd later.

G. Mapping of rev genes

Systematic attempts to localize new genes to a particular
- linkage group usually involves a determination of centromere-linkage as
a firét_ sfep, Tetrad data for each of the rev genes revealed that

only rev2 was linked to a centromere. The centromere-linked
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Figure 12, --Sensitivity of colony-formation to treatment with -
3% EMS in REV and rev haploid strains.
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_ marke?_l_’ggl—_l%, which has a SD‘S frequency of about 5% (61), was
used tb'indicate centromere-iinkage. The pooled data for the
numbe,r's o'f PD, NPD and T é.’séi are given in Table 3. The gene
pair ?_év_z'—le_ll exhibits; a tetratype frequency "signiﬁcantly less than

2/3.

: .I.n order to determine theu parti(':ulark cehtroméré to which rev2

- was liﬁkevd, a Strain Cai'rYing L‘E_V_Z_'l waé then cro-ssed to a series of
strains that cé,rried markers located‘near ti’xé Centromeres of
different linkage groups. The numbers of PD, NPD and T asci

for vérious gene combinations iﬁvolﬁng revZ are shown in Table 4.
The data indicate thaf rev2 is linked to asp5 which is near the
centromere of linkage group XII. The distance'g iﬁ centimorgans
(cM) betWeen the tﬁo_ genes can be calculated frém the equation (72):

' x = 50(T + 6NPD) / (PD + NPD + T) .

For PD : NPD : T values of 80 : 0 : 7 fé)i' the gene pair rev2-asp5, |

the distance between rev2 and aspb is calculated as about 4.0 cM.

In the cross of rev2 fo aspb, the trpl gene was also segregat-
ing. _»'Tbhe marker _t_1_'£_1_ is tightly linked to its centromere, i.e.,
SDS vfrengncy =0.94% (61). Thus, 'obsérvation of the spdre array
ofﬂg compared to that of_t_r_gl can be ﬁsed to detec; cross-over

events between asp5-and its centromere. It was found that in each

of the seven asci with an exchzinge between rev2 and asp5, asp5 showed

first division segregation. Thué, the most likely arrangement of the

two genes on chromosome XII is centromere - asp5-rev2.



Table 3. --Numbers of PD,
: rev and leul

56. .

NPD And T asci in crosses involving

Gehe Pair - PD% NPD T %T SDS

S ' ' Frequency
revl-leul 15 1 53 67.0 0.670
rev2-leul 17 31 26 35,1 . 0.324
revi-leul 11 16 51 65.4  0.654

*Pooled data.
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Table 4 --Numbers of PD, NPD and T asci in crosses mvolvmg
revZ and various centromere-linked genes.

Chromosome Centromere hnked PD | NPD T %T
number gene :

A adel 3 3 1 10.0

2 - gall 1 1 9 | 29.0

3 Q 5 4 21 | 70.0

4 trp? 13 12 7 | 219

5 ura3 9 12 1 34.4

6 his2 8 5 14 51.8

7 leu? 17 31 26 | 35.1

8 arg4 9 1 1N | 35.5

9 his6 7 5 5 29.4

- 10 iso3 4. 3 5 41.7

n metl4 12 " 6 20.7
12 asp5 80 0 7 8.05

13 lys7 1" 6 12 41.4

14 pet8 4 1 4 21.0

15 petl7 0 2 6 75.0

16 tyr7 0 3 5 62.5

L ' 17 uvs9 3 4 12 63.2

DBL 708 5858
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From Table 3 rev2 segregates at the second division in 32. 4%

. of the tet'l_'ads‘. " If double 'exchanges in the c.entromere-revz interval
are ass’ﬁmed to be rare, thgn the distanéé of rev2 from its centro-
mere Cl_an be épprqximated as one-half the SDSvfrequerllcy, or 16.2
cM.I Mortimer énd Hawthorne (61) héve‘ éstimétéd the distance from
E_S_EE 1,5_‘?" its .cenf;romere_to be 13 6cM: Thus, the predicted distance‘
betwe.en._l;elz_and thg centrromer_e is -13._' 6 cM plus 4,0 cM or :l?.v_é cM,
as sqming that the dist_ances may be summed. .'1_'he' obs_erved value

of 16.2 cM is not significantly different from 17.6 cM.

H. Spéciﬁcity of the jinduced- mutation phenotype of re§ génes .

| Thé ﬂ genés'have been shown to i_nterféré with UV-induced
-loc;us reversion of Egi'll- In stgdying the mechanism of action of
these ‘génes, it is essential to know more abouf their speéificity.,
Strai_né _c'é.rrying rev genes vwere te;sted fOIl“ t_hei r ability to ”int‘e-:rfer,e
v&'rith.ivi'_ic.iIicéd mut.a.g'en;as.i's as’ measure;i.bj‘r the 'féli_dwing: UV—induced
vreversion of a missense allele (%—Q_; UV—indu_cédv forward muta-
tion to ;che petite phenotype; UV-induced and EMS rinduced forward

mutation to adél or adel.

1. 'UV-induced reversion of an ochre-suppressible allele:

lysl- 1, - The lzsl—l_allele can be suppressé_d by the same ochre-
supprés’s'ors that suppresé arg4-17. Preéumab_ly both arg4-17 and
lzsl—vl_determine the same nonsense codon UAA (20, 26, 28).

The lysl gene segregates independently of arg4 (61) and therefore
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offers a1f.1..c>pportunity to oi?tain evidence about'the _speciﬁcity of rev
genes:. . -S'i’tesspecific rev genes should aiso reduce the UVQréversion
of M_—L ‘while locus_ specific rev ge'nes',- however, would not.

vi'].;_he.follokwing strains were ﬁested for UV-induced locus
revers}ion- éf lysl-1: |

X1687-16C REV

lysl-1
XY6-5A revi-1 lysl-1
XY36-3D . reve-1 lysl-1
XY19-1D rev3-1 lysl-1

The indﬁction curves are shown in Figure 13. The UV-survival -

curves of these strains are shown ih'Figure 8. All three rev

alleles block, to varying degrees, the induction of site revertants

2

of lxsld_._ At a UV dose of 265 erg/mm“ the REV strain produces.

about 86 revertants per 10'7 survivors, whereas the rev2-1

.strairi produces about 53, the revI—l strain about 10, and the
rev3-1 strain about 7. Comparing these curves to the induction
curves for locus revertants of arg4-17 in the same strains (Figure 3),

it can be seen that in both instances, revZ-_l_ has the least effect in

reducing reversion, while revl-1 and rev3-1 have a much greater

effect.' .

In the high dose region the induction frequencies of lysl-1 locus
revertants (Figure 13) are slightly lower than the frequencies of
arg4-17 reversion ('Figl.J.r'e 3), when measured in the REV strain. A

‘possible reason for this is given.in discussion.
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- Figure 13, --Locﬁs?i‘evérsion of lys l1-1vs. UV dose in
.REV and rev haploid strains,



- 2. UV-induced i‘eversioh of a missense allele: arg4-6. "The

osmotic remedial arg4-6 allele is not sup'press‘ible by ochré-
‘suppre‘sAsors,. and it complements other arg4 a‘ll'él‘es (59). Oh this
basis, a_i'g@-é is probébly a 'rniséense mutation. It is also UV-
revertibie:(59, 48), but the iﬁdﬁc'ed're_versioh frequencies are not
as great as found for arg4-17.

To determine iff_g\i;genes can interfere with UV-induced

reversion of missense as well as nonsense alleles, UV-induced

~reversion of arg4-6 was measured in rev strains and compared to

Wild-type.. This was AChieved by constructing strains each of which

carried both arg4-é. and rev. To do this, rev haploids carrying

arg4'-£'-Were crossed to strains carrying arg4-6. After sporulation

the spores were dissected.and identified by crossing =ach spore to

two tester strains, one carrying arg4-6 and one carrying arg4-17.
These test diploids were ’répli'ca—plafed to C-AR and then exposed to
an X?ray'dose of 10 Kr which is sufficient to induce an observable

number of prototrophs in arg4-6/arg4-17 heteroallelic diploid replicas

by means of mitotic recombination. The a_rg_t_L_-_é segregants, when
Cros sé‘d to;a_l_'_g_-_'-_L-_é testers,‘ form diploids that_ exhibit no such X-ray
response. Siﬁlilarly, the.. :aigi-_l_z‘ segregants, when crossed to
g_l;gﬁ-iz tester strains, form diploids that exi'lib-it no X-ray. induced
prototrophs. Tﬁe segregation of the rev gene was detected by analyz-

ing the UV-reversion respbonse of arg4-17 segregants. The rev argd-6

segregants were deduced. The following segregants were identified

61,



~ by this method:

XY 134-4A REV . arg4-6
' XY133-2C. revl-1 arg4-6
XY 134-3C reva-1 arg4-6
XY135-5D rev3-1 arg4-6

' These stfains were tested fof UV-survival and reversion induction of
arg4-6. Revertan’cs of _ai'_&g—éweré cionéidered to arise by reversion
at.the 1§cus. It was not determined whether any fevertahts carried
suppressors. This could be done by crossing a number of revertants
to é wild-type strain, sporulating, and examirriing‘the ARG:arg ratio -
in.eat:'h tét'rad. A ratio 0f'4:0 in each ascus would indicate a locus
revértant; A suppressor revert'ant‘wo.uldyield, when crossed to wild-
type, 3 tyi)es of asci. The PD, NPD and T aécﬁ v}ould exhibit

ARG:afg ratios of 4:0, 2:2, and 3:1, respectively.

The results of UV -survival and reversion induction in rev arg4-6

strains are shown in Figure 14. The three rev strains exhibit the
appfoximaté survival curves expected of rev"se.gregants; The rever-

sion induction curves reveal that while the revl-1l and rev3-1 strains

are éigpificantly reduced in UV-reversion of arg4-_€_>_, the reVZ;_l_

strain is unaffected and é.ctually shows ab>ovut twice the wild-type
‘response at a UV dose of 265 erg/mmz. These data indicate that

revlb-_}_ and rev3-1_i‘nay both have a general non-specific action in

reducing UV-induced reversionbut that reva—_l_ may be specific only

for locus reversion of ochre-suppressible strains as described below.
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Figure 14, --UV-survival curves (A) and reversion of arg4-6
vs. UV dose (B) in REV and rev haploid strains.
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3 Forward mutation to the petite phenotypé. Under aerobic
' cpnditidns ‘cells exhibiting the R_e_1lt~e; phenotype grow much more -
sl}owly than grande celds and thus form small whife colonies when
pla',ted- ,(b_)nab. co;rnplete agar medium. Petite cell.s, also called
re Spiratbry— de'ﬁcienltk (RD), appear \ﬁhife .cc.)m.pariéd ito the cream color
of respiréf;ory—sﬁfﬁcien’c G(FRS) cells because théy lack certain
cytochron;es and énzymes needed 1n r.espi‘rato'ry metabolism (17, 89).
Such :le".cells éan_arise by both nuclear mﬁtation and loss of a
cytoplasmic féctor (12, 17). Unlike RS cevlls‘, petites fail to grow
on ncin-fe'rmentab‘le substratés such as glycerol. Such'a mutational
system may be used to étudy the general effect ofvz_g_\f_ geneé on for-
wafd Ir;ufvation.',' The following stréins were used to study UV-induced
petite préduction: XY 129-2A, X1687—16C, é;xtid XY134-4A all
carried REV; XY14-28A, XY6-5A, and XY133-2C all carried
r_gir_l: 1 XY36—'8A, XY36-3D, and XY134-3C 1511 carried rev2-1;

XY38-8D, XY19-1D, and XY 135-5D all carried rev3-1. Single

doses of UV were employed. Cells were plated onto YEPD at
appropriate dilutions and subsequently exposed to a dose of either

2 After incubation the vplates containing the

zero or 265 erg/mm
viable clones were replica-plated to petite agar. Replicas failing
to grow on petite agar were classified as having the petite phenotype.

Petite mutants were also classed as either whole colony mutants

or sectored mutants.
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The results are shown in Table 5. The frequencies of induced
petites in the three revl—l_stra‘ins' do not appear to be signiﬁioantly

different from the wild-type frequencies. The induced freqﬁencies

in the rev2-1 stra_ins.appear lower tﬁan \.nild-tjrp‘e'.in two sfra_.ins
| (XY36-8A and XY36v- 3D) but about the sa'rn.e in the third strain
(XY134;3C). " The induced frequencie‘ls in all three f_e;v}_-_lb_' strains
are consideré.bly higher than w'ild_-’type-. 'A‘11 frequenciés of induced
petit'esv were calculated by subtracting fhe sbontaneous frequenéy from
the to’tél frequenc‘y. | |

Ré,'i;t (74) found both genic and Cytopl'asmic 'p'etite‘s after

exposure to UV, Zakharoy et al. ('1'11) studied the prdduct"ion' of

petites by UV in both UVS and uvs s‘traivns and found that nearly all
of the UV-indqced petites contained the cytoplas'fnic facfoi’. ' it was
found that at équalvU»V doses fhe frequenéie_s of p.etit_e induction

were greater in the two UV-sensitive strains than in the wild-type

strain. - These UV-sensitive strains, however, were also more

sensitive to UV-induced nuclear mutation. Zakharov et al. concluded

that the repair system defective in the uvs strains is not bcalized

in the nucleus and can also repair premutational damage in the
cytéplasm, presumably in mitochondrial DNA (63, 103).
| Assuming that the petites induced by UV in this study are

cytopiasmic petites, it would appear that the rev3-1 strains are

unable to repair premutational damage in the cytoplasm. Since

these strains are blocked in the induction of nuclear mutations, the



Table 5. --Production of petites by UV in REV and rev strains

: : , Total Noj . N S

. rev 1 ov o % Surviving "Total No. Petites , % Petites
Strain . —G-gﬁotype Dose Survival| Clones | Whole Sector Total Total Induced*
XY129-2A | REV - 0 100 503 22 9 31 6.2 --
X1687-16C| REV ‘L 1 , 136 | 45 0 45 33.1 --
XY134-4A | REV 371 36 - 3 39 10.5° --
XY14-28A | revl-1 795 ] 56 5 61 7.7 --
XY6-5A revl-1 o : 258 - | 68 11 79 30.6 --
XY133-2C | revl-1 349 129 0 29 8.3 . --
XY36-8A rev2-1 | : 729 116 2 18 - 2.5 --
XY36-3D rev2-1 B . 1 159 83 14 87 54,8 --
XY134-3C | rev2-1 : 415 | 34 3 37 - 8.9 --
XY38-8D rev3-1 , 719 = |25 0 25 3.5 --
XY19-1D rev3-1 " ' 217 20 0 20 9.2 -
XY135-5D | rev3-1l B 300 59 0 59 19.7 -
XY129-2A | REV 265 71 579 7% 20 95 16,4 10.2
X1687-16C| REV - 7 151 | 47 14 .61 40. 4 7.3 -
XY134-4A | REV - 80 | 249 |34 13 47 18.9 8.4
XY14-28A | revl-1 265 7.1 961 ~ f17 . 8" 125 13.0 5.3
XY6-5A -revl-1 13 339 117 15 232 39.0 8.4
XY138-2C | reyl-1 _ 10 413 83 4 87 21,0 12.7
XY36-8A rev2-1 | 265 12 {1667 23 2 25 1.5 -1.0
XY36-3D | rev2-1 8.1 93 |35 6 41 44,1 -10.7
XY134-3C | rev2-1l 9,8 174 20 5 25 - 14.4 5.5
XY38-8D rev3-1 265 1.5 357 126 7 133 37.3 33.8
XY19-1D rev3-1l 0.97 139 89 2 - 91 65.5 56.3
XY135-5D | rey3-1 1,7 321 180 2 182 ] 58.0 38.3 _

*Computed by subtracting the spontaneous frequency from the total frequency.

‘L9
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mechanisms of rriufation induction for .nucl‘ear 'andv cytdplasmic
mutations rﬁay be different. The revl-1 strains may repair cyto-
plasmic premutational damage with the same efficiency as the REV
strain, while E\_f%_—i_strains may block the prv‘édp.ction of cytoplas-
mic mﬁfations;

4. Forward mutation to adel or ade2. A sounder estimate

for the induction of forward mutations than petite production is the

selection of mutants defective at either the adel or the ade?2 locus.

Thé advantages of this system have ‘been detailed by Roman (80).
Mutants are restricted to only two nuclear loci. In the petite

system, bt.he total nﬁmber of possible loci that cén be induced is
unknown and cytoplasmic iﬁetites are not excluded. "Furthermore, the

selection of petites depends Lipon replica-plating the clones surviving

the mqtagen' treatment, while adel or ade2 mutant clones rhay be
observed directlyvon the plate containing all sui‘_viVOrs;-

The presence of either of these two l'ovci vin cglls will'causé the
accumulation of an intracellular red pigment that is easiiy seen in .
ClO’ﬁés (75, 80). There are no other known mutations in yeast that
will lead to a red-colored clone. The production df red pigment
occi.ufs only during aerobic metabolism (90). Thus, if a cell carries

adel or ade2, but is also phenotypically petite, then no pigmeht

will be produced. Auxotropic mutants at adel or ade2 can be

selected directly by séarching for red clones among the survivors.,

The frequency of red clones, however, must be based only on the



total number of RS sﬁrviVors, since petites cari-ying adel or ade2

will not :be scored as red clones. Therefore, the 'savm'e strains must
be assayed fof the induction of petites by the same mutagen dose
used for inducing red colonies. The frequency of -redg amongvthe
total r}urnber of survivors is then‘ divided by the RS fraction of

the total to give the frequéncy of red.s(pe_r.RS shrvivor) Strains
carrying Ef_\:_weie tested for the iﬁductibﬁ of red Clqnes by both UV

each mutagen were used:

—.and EMS._ Single doses of

XY 129-2A REV ADE

XY 14-28A revl—_l_ ADE
XY36-8A rev2-1 . ADE
XY38-3D rev3-_1_ ' ADE

The spontaneous frequencies of mutation for a similar system

occuring in Schizosacbcharomyces pombe have been estimated to be

~ on the order of 10" 7 or smaller (52). Therefore, only inauced muta-
tion 'ﬁ'equencies were determined as shéwn in Table A6.

. When UV was used the total number of ‘Ir‘ed_clo'n-res scored in
each ‘étrain was low. The data were thereforé’ pooled to obtain an
estimate of the average ihduced mutation freéluency in all three

rev strains. The average mutation frequencies to adel or ade2 in

rev strains is less than that in the REV strain. The small numbers

of red clones make this difference not very sighiﬁcant. The standard
e'rroif is estimated as '35% or 0.5 x 104 for wild-type and 41% or

0.15 x 104 for rev strains.

After an exposure of 60 minutes to EMS, all three rev strains,

in contrast to the UV case, have significantly higher frequencies of
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Table 6, --Forward mutation to adel or ade2 induced by UV and EMS in REV and rev strains

' “ : _ _ »Frequeﬁcy of
Total No.| Total No. | Reds(per RS
rev ~ |Average | Surviving| Red ' Survivor)x.10
Strain - genotype Dose % survival "Clones Clones % RS ‘
UV(erg/mm®) - , _ -
XY129-2A| REV 265 71 ] 68,060 8 - | 83.6 1.4
XY 14-28A | revl-1 265 7.1 . . |56,220 |2 | 87.0\
XY36-8A | rev2-1 | 265 e 93,300 | 2 98.5 —|= 0.37%
XY38-3D | rev3-1 265 s 32,650 | 2 62.7 -
| EMS(minutes) ’ : , o .
XY129-2A| REV 60 49 . |119,440 | 52 70. 8 . 6.15
XY14-28A| revl-1| 60 - |42 {172,400 (252 | 78.3 | 18.7
XY36-8A |rev2-1 | 60 “lb.4 . |50,160 | 51 1 79.4 14.7
XT38-3D | rev3-1 | 60 4.2 239,800  |348 66. 6 21.8

*Average frequency for all rev strains calculated by dividing the total number of reds, 6, by the
total number of RS survivors, ' ' '

0L .



forward mutation than does the REV strain. That rev strains are
EMS -sensitive (Figure 12) indicates that they may be involved in
one or more pathways of repair of lethal EMS damage. Since more

induced forward mutations are produced among the survivors in rev

strains compared to the REV strain, the_ mutations induced in the

REV strain are probably not produced by these repair pathways them-

~selves.  If one of these repair pathways is turned off by a rev
mutation, then there will be more unre'paired EMS damage than
before. This unrepaired EMS damage could then act as a substrate

in a later pathway that does itself produce  mutations.,

I. Strains carryingtwo or more UV-sensitive genes

In studying the genetic control of metébolic pathways, it is
essential to know whether genes controllihg tiﬁ.é formétidn of a
prbd_ucf are acting in a single linear pa’thway, or whether théy '
partic;';pate in'a more compiicafed rn‘echanisrnv_iﬁvolving two orv
more independent pathways. One way to distinguish between these
possibilities is to observe the resp.onse of a strain carrying two or
more mutant genes relative to the .response of the single mutant
strains. If a single linear pathway is opera'tvi‘ve, such rnulti'ple

“mutant strains would be expected tol exhibit the same phenotype as
anybne of the: singlé mutant strains. If two or more parallel path-
ways are involved, strains multiply mutant for genes in different

pathways would be expected to exhibit a response that is less than
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any one 'o‘fthe single mutant_ strains.

1. Mtilti’pl\ev rev mutants. The three rev genes may be

anélyﬁzed vﬁfhin this framework. The question pbsed is ”do the three
rev genes block reactions in a sing‘vl'é vlinéar pathway or are the
blocks located in ‘p‘ai'a11’e1. i)éth\x}ays ? | In an attempt to an.s.w'er, this
questién’, ‘r'nultiple rev @uténts were constructed. The UV-survival
“and UV-reversion ph.enotypes. of these were compéred to the pheno-
types of:'.‘s.ingle'l_'e_vsti"a'ins.

Muifiple rev strains wére made by cros'sing two strains each
ca;‘rying a différent rev gene' and :E'_gé-lz. After sporulation the
a_'sci were dissected. THe rev genotype for each spore was cieterm-
ined by crossing each spore to two tester strains. Each téster_
strain carried one of the,two f_e_i génes in v_the crosﬂs, and both
ca.;n‘riéd érﬁ-ﬁ. These test diploids were tﬁen tested for UV-
induc_'éc_l_revez.'sion of arg4-17, carried in homongous condition.
Since different _I;e_V genes exhibit complemen.ta't.ién for the UV -
revé_rsio'n funcfion, lack of UV-r»everfants ind_.icated homézygosity
of _1:3_\{_ genes iﬁ the t-est cross. The following“multiple rev étrains
Wefe i‘d.entified by this methbd:

XY 120-6C revl-1 rev2-1 = arg4-17

XY123-7B revi-1rev3-1 argd-17
XY121-2A  rev2-1rev3-1 arg4-17

XY124-2C revi-1rev2-1rev3-l  arg4-17
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The single rev strains were the same as those discussed previously:

X1687-16C  REV arg4-17
XY6-5A - revl-1 - arg4-17
XY36-3D rev2-1 argd-17
XY19-1D rev3-1 - arg4-17

The survival curves for these 8 strains are shown in Figure 15.

The strain carrying both revl-1: and rev2-1 is much more UV-sensitive

| than those with either revl or rev2 (DRF of 2). This suggests that

“revl and rev2 act in different pathways to block the repair of UV-

irradiated DNA as measured by colony survival. The strain carrying

both_‘rev'l and rev3, howevér, appeérs to be n.o._v more 'UV-sensitive in
the low dose region fhan the strain carrying _r__e_vé alone. The meaning
- of the,résistant tail in the high dose region of the UV-survival curve
is not known, but probably is not due to a fniﬁced population of cells

' because‘ Qf the procedure used in growing the cultures. The results

suggest that REV1 and REV3 act in the same linear pathway. If this

linear pathway is parallel to the pathway in which REV2 acts, then

one would predict that a revZ2 rev3 strain might be éignifi(:antly

more UV-sensitive than the rev3 strain, similar in kind to the case

with revi and rev2. This, however, is not observed. The rev2 rev3

strain is only kslightly more UV-sensitive than the rev3 strain.
This suggests that the REV2 pathway produces a substrate that can

be utilized as an intermediate in the pathway specified by REV1 and

and REV3., The following genefal scheme is proposed:
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Figure 15. --UV-survival curves of haploid strains carrying
zero (REV), one or more rev loci. '
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revl Tevd

DNA ' ’ - 'P\epa.ired,
with lethal = DS L > DA

uv Jamge’ [

The letter S denOtes an unknown intermvediate. -The‘ large arrows
denote pathways c ontaining an unknown numbér of steps.

This scheme is supported by two additional experimentai
findings";“ -.Fi‘rst,‘ the UV-sensitivity of the revl rev2 strain is

essentially the same as that of the rev3 strain. This result is con-

sistent with the above scheme since substrate S will not be produced

by eithe.r the revl branch or the rev2 branch in this double mutant.

This will have the same effect as a block in the formafion of
repaired DNA by rev3. Secdnd, the UV-sens'itivity'ofbthe triple

mutant strain carrying revl, rev2 and rev3 is essentially the same

as that of the rev3 strain. This further supports the proposed scheme

by ‘sugge‘sting that the reaction blocked by rev3 occurs later than

those blocked by revl and rev2.

Since substrate S in the proposed scheme can be generated by

either the REV1 branch o'r.,the REV2 branch, a single mutation in one

branch would still allow substance S to be made by the other branch.

. A single mutation such as :rev3 occuring after substance S,

.. however, would block the production of repaired DNA by this path-
way.  Thus, rev3 mutations would be éxpected to have a greater

effect on the repair of lethal UV damage than revl or rev2 mutations.




This is -.‘dbser'ved. ' Strains carrying rev3d-1 alone are about twice as

UV-sensitive as those carrying revl-1 or rev2-1 alone.

The above scheme appiies only to lethal ﬁV da-mag.e. if
pi'emutatiohal damage vis converted into mutations by the action
of E@_\Lgeneé in theseé same pathways, then all multiple rev
strains \;vould be severely blocked in :U_V-induce’db mutation like the
rev3 phenotype. UV-induced locus reQerSiori of arg4-17 was

measured in multiple rev strains. All multiple rev strains

examined, i.e., less than 133 erg/mm . All of the viable revertants

were found to carry suppressors. The rev3-1 single mutant strain

is the most severely blocked in UV-reversion of all the rev strains.

: bT'hesé. results indicate that the UV—réversion phenotypé of all”
multiple rev strains is similar to that eXpréssed by-the rev3 strain
and that the scheme proposed for lethal DNA d_amagre as initial
substrate also applies to premﬁtational DNA damage.

2. . Double mutants of rev and uvs9. Both Snow (94) and -

Resnick (76) have isolated mutants at the uvs9 locus. Such mutants

are ‘vei'y UV-sensitive and exhibit DRF's between 20 and 30,
compared to wild-type (76). The rev mutants, hox.;ve'ver, are only
moder-étely UV-sensitive and exhibit DRF's at 40% survival between
3.7 and 8._ 5, compared to wild-type. "UV-survival curves are

shown in Figure 16 for the following strains:

76.
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X1687-16C  a REV

XY6-5A a revl-1
XY36-3D a rev2-1
XY19-1D a rev3-1
X2947-4C & uvs9-2

X2947-4C is a’ meiotic segregant of the original uvs9-2 mutant
isolate-dz By Resnick (76). Figures 16.la’nd 15 reveal that the DRF of
this straiﬁ at 40% survival is 31, corﬁpared to the wild-type.
Resnick (79) showed that a vstrain carrying _1:1_\_r_s2 is not only
very UV-sensitive to colony survival, but is also very sensitive to
the mutagenic effects of UV.v That is, at equal UV doses, the
' frequency of mutation among the survivors was much greater in
the w strain than in the wild-type strain. A similar UV -muta-
tional reéponse is seen in exci.sion—def‘ecti.ve (her) E. _c_:_gl_i?B, in
whic-h unexcised pyrimidine dimers lead to the production of muta-
tions 1n the surviving cells '(29; 105). At equ'alv'UV doses the hcr
strain is left with many more ‘pyri'midine’ dimers than the wild-type,
after Vthe time for excision has _élapsed. It is possible that the

UVS9 locus in yeast is one that controls excision of UV damage.

Since mutations at either uvs9 or rev loci cause cells to be UV-
sensitive, it is of interest to know whether any of the REV genes are -
involved in pathways that also involve UVS9. It would also be

important to know whether rev genes can block the production of

UV-induced mutations in a strain carrying uvs9, i.e., in the uvs9 rev
double mutant strain. If true; this could mean that the REV gene

acts to convert unexcised UV damage into mutations, assuming
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Figure 16.--UV-survival curves of uvs9-2 REV and
and uvs9-2 rev double mutant haploid strains., UV-
survival curves of REV and rev single mutant strains
are also shown.
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_llv_s_?_blécks excision.

The study of double mutants can reveal poSsible relations
- between pathways controlled by REV genes and i)y the UVS9 gene.
If waéts in'a pathway that includes a REV gene’, then a double

mutant strain, uvs9 rev should not be any more UV-sensitive than

the uvsv9‘ strain. If, however, UVS9 acts in a pathway that does not
include a REV gene, the.n' this double mutant strain should be more
UV-sensitive than one carrying uvs9 alone.

To construct these uvs9 rev strains, each of the rev strains

described above, XY6-5A, XY36-3D, and XY19-1D was crossed to

the uvs9 strain, X2947-4C. After sporulation the asci were
disseéted.' The spore clones in each cross were replica-plated
onto C-AR and the'replicas tested for UV-induced reveréion of .
?:.ﬂ'l._?_'_: Some of the asci consisted of two spores exhibiting a
wild-type reversion phenotype and two spofes with no revertants.

These latter two spores were considered to carry both uvs9-2 and

rev. The following strains were identified:

XY80-6A uvs9-2 revl-1 arg4-17
XY79-19A uvs9-_2_ rev2-_1_ arg4—£
XY81-3D uvs9-2 ~rev3-1 arg4-17

- The survival curves for these three strains are shown in .

Figure 16. To obtain more accurate curves for these strains, which

are extremely sensitive to UV, the intensity of the UV lamp was
reduced by a factor of three to 8.8 erg/mmZ/sec. It is clear that

these three double mutant strains are more UV-sensitive than the

78.
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uvs9 strain. The DRF's at 1% survival for strains carrying

uvs9-2 réVl—l, uvs9—£rev2—l ahd uvs9-2 rev3‘-l are 1.7, 4.1 and
_1. 9, resp'gctively, using the uvs9-2 strain a.s reference; These
results sugges‘; that the three _R_E_)X genes act in pathways that do not
involx}je _[ES_C) |

T hus, assﬁming that uvs9 blocks excision repair, it Would

seem unlikely that rev genés do also, especially in view of the

differenf feversion responses of thé uvs9 and rev single mutant
strains.. ‘If'_r_(z genes blockeci excision repair in Vpathway's
paral.l‘el.to that of uvs9, mutations in two of these vgenes could, in
princ'iple,- reduce the concentration of intracéllulé;r excisioﬁ .
enzyfné. ~-The E\_r_g_?_g_e_\_r‘double mutant strains would be mére uv-
sensigive than Single ‘mutant strains according to this hypothesis.
If this 'We;?e true, then the double ndutant strain v;roﬁld be not only

more UV-sensitive than the uvs9 strain, but also more sensitive to

~UV-mutation, since a greater number of unexcised dimers would

exist as pfer_nutational .Jesions. Figure 17 shows the reversion
induction curves for the locus reversion of arg4-17 versus UV dose
in the three double mutant strains compared to the uvs9 strain.

The curves show that these double mutant .strains are less sensitive

to UV-induced mutation than the uvs9 strain. The induction of

revertants of arg4-17 is severely reduced in all three uvs9 rev

double mutant strains. This shows that a rnajority of the

premutational lesions in the uvs9 strain are not converted into .
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Fi'gure 17. --Locus reversion of arg4-_1_:_7 vs. }{V dose in UVS REV,
uvs9-2 REV and uvs9-2 rev double mutant haploid strains,




mutations when a rev g'_ene is also present, but rather, they remain
as lethal lesions. The rev genes are epistatic to uvs9 with regard
-to the rriutation phenotype since they suppress the phenotype of the

latter.

J. Recombination in = rev/rev diploids

Recent studies in E. coli have revealed that genes controlling

genetic r.ecombination (58, 108) play a role in the prdduc'gibn of

, UV-induced mutations. If the mechanisms of Both UV -induced
'mutagéngsis and of recombination in yeast are similar to those in
ba'cter_ié, then a priori one might expect to find that some genes
involved in mutation induction also regulate recombination. The
question is whether any of the rev genes‘ isblated in this Study are
'analogous to the reg genes in bacteria. It is reasonable then to
ask whether rev genes can interfere: with genétic r'ecovmbinarlvtioin in
yea.st". vBoth mitotic énd meiotic recombination were stﬁdied in
dipléids homozygous foi‘ rev geneé. Both intergenic and intragenic
systéyms were inve st.igated.

1. Induced mitotic recombination

a) Intergenic recombination. Both UV-induced and

X-ray induced mitotic recombination were studied in the following

strains:
XY 129 ~ REV/REV  ADE/ade2-1
XY 150 revl-1/revl-1 ade2-1/ADE
XyYl27 rev2-1l/rev2-1 ade2-1/ADE

XY128 rev3—-i;/rev3—_T_ ADE /ade2-1
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Mitotic recombinational events were scored in the region between

ade2 and its centromere. The ade2 locus maps on fragment 1 and

has a SDS frequency of 75.9% (61). When present in homozygous '
or hen—ﬁzygous c'ondi4.ci<>.'n, 3_(}33_ leads to the accumulation of an
int'rac'ell‘uzlar réd pigment which i'sv readily seen at the clonal level
(80). "1_'hus, if a éingle reciprocal mitotic cross-over event should

' occuryb'e.t\iwveen _a_xicﬁ and its ceﬁtrémere in a diploid heterozygous for

~ade?2, then ade2 would be expected to segregate to form one daughter

cell hofnoZygous for ade2 and one daughtei' cell homozygous for ADE
wild-type. If both daughter cells are viable, then the resultant
clone would be sectored——ha’lfvred and half white.. If a
radiatiohl—induéed division delay occurred in one of the two segre-
ganté; : o‘r. if both ’ce>1_ls experiencedvunec.lual divisionb delays, or if

the growth' rates of the two s.eg‘r.egan't.s are'diffefént_, then the réd
sectqir.would app'eal.‘ as greater or _les's_than half of _thé cloﬁe. If |

'the ADE/ADE segriegant does not form a clone, ‘then whole red

colo;ﬁes would _resﬁlt. Non-recipi‘ocai» rg’_cpr_rib-ination (or gene
conver_éion) could also occur espebcially at higher doses and lead to
red—sectoréd'cloneé (67). Nakai and Mortimer (67) 'foubnd that most
 of tvhe _UV and X- rayA induced events leading to homozygosis were
gecip_r_océl in nature. |

‘_ Cgils‘ of the strains listesd abo;re were plated out onto YEPD.
Some"piates'were exposed to varying doses of X- rays, some to UV,

and some received no irradiation. After incubation for about 5 days = |
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at 30°C, red sectors were scored. Whole and: paftial red coionie_s
were ,"a.,dde‘c‘l together. The ffequeﬁéies of red sectors . were calculated
by' diviii_ling the total number of red seéto:s by the total number of
survi;ring clones examined. Th.e>‘data are givenrin Table 7 and the
'co_rres.pioﬁding .UV and X-ray iﬁductioh curves are plotted in Figures |
18 and “1‘9,_ respectively.

It ;can be seen that fﬂlﬁi"_ diploid strains exhibit an enhanced
respoﬁs‘é to induced mifotic re'cdrnbinatioIn for nearly every dose
of both UV and X-rays, when compared to the REV/REV diploid '
strain. Snow (95) and Zakharov et al. (111) have observed that
diploids homozygous for other genes'conferring UV-sensitivity exhibit
a g’reaterb response to UV—inducea intergenic' mitétic recombination.
The 'roié of recombination in UV-mutage'neéis is considered in
Discus sion.

b) Intragenic recombination. Diploi'd carrying

hombzygous rev 'genes \&ere exa.'xnineci for the ability to interfere
with both X-ray and UV-induced intragenic mit_otic recombination
betweén two arg4 alleles in repulsion, _a_t_x_’_gi—_é and arg4-17. Such
recémbination, also known as heteroallelic reversion, is mostly
non-reciprocal (102). Prototrophs are produced by gene conver-
sion of one allele, .These alleles were estimated to be only about '
2.2 X—fay map units .a.part (59). Co-conversions in meiosis would
occur.nl.ore frequently than single-site events and do not produce

prototrophs (18a). If mitotic conversions are also mostly



‘Table 7. --Induction of mitotic recombination in the ade2-centromere region by UV and X-rays in
REV/REV and rev/rev diploids. :

.l

(includes whole and partial red colonies).

g clones, Sect. = total number of red sectors:

XY129 XY150 xy127 Xyizs
REV/REV revl-1/revl-1 rev2-1/rev2-1 rev3-1/rev3-1
' %o _ % % % -
7S N Sect. Sect) %S N Sect. Sect. %‘S N Sect. Sect)| %S N Sect. Sect,
Uv (erg/@z)
0 100 963| 3 0.3 || 100 {1423 1]|0.07 | 100 |1738|40|2.3 || 100 |1340] o0 |0.07
265 100| 316| 6 L9 77 610(35]5.7 66 | 507 28| 5.5 | 100 ;éz 19 {7.2
530 96108123 (2.1 72 {1020 |96 9. 4 5.‘8. 46739 8.3 | 4.7 465,19 4.1
795 63| 915/28(3.1 || 1.2 696|60|8.6 | 0.75 631] 44| 7.0 || 0.74 376| 13 |3.5
X-ray (Kr) |
0 100| 963 3{0.3 || 100 |1423| 1]0.07 | 100 l1738]40 23 1oo.134o 0 l0.07
3.75 97| 297| 3| 1.0 98 | 317| 7 2..2 92 462 8| 1.7 || 100 {388 912.3
7.50 94| 460{ 9/2.0 85 | 563 [25[4.4 86 | 4®|23|4.8 91 | 326/ 13 |4.0
15.0 85| 94732 3.4 49 | 437 |225.0 64 | 622|17]2.7 87 | 473] 31 |6. 6
45.0 22| 334|2106.3 || 0.13| 165 12{7.2 || 7.5 98 {20p0.2 || 4.0 | 25| 7 |28.0
Note: %S = percent survival, N = total number of survivin

8
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Figure 18. --X-ray induced intergenic mitotic recombination between

. ade2 and its centromere in REV/REV and rev/rev diploid strains.
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- Figure 19. --UV-induced intergenic mitotic ‘recombination between
ade2 and its centromere in REV/REV and rev/rev diploid strains.




co-conv;el."sions»of these alleles, then the obse?véd prototrophs
represent' a minority population of single-sitejcon’versiOns among
all co.n‘ve'rsions'.

Most rev haploid »stlv{ains _romﬁ:ineiy carry the arg4-17 allele.
, ".'I'he‘se' ‘.str'airs Wer‘e‘(;ro.ssed to strains carryirigéig_é-é. After

sporulation haploid spores carrying both rev and varg4—é were

identified according to the procedure desﬁcribed previously. A

rev arg4-é segregant was then crossed to a rev.arg4-_1;7_ segregant

to form the following heteroallelic diploids:

XY 182 REV/REV arg4-6/arg4-17
XY 183 revl-1/revl-1 arg4—6/arg4-£
XY184 rev2-1/rev2-1 ai'g4-_—é-/ar'g4-_£?_
XY185 ' rev3—I/rev3—I arg4-6/arg4-17

Cells of these .s'trains were”»cﬁl'ture(.i in l'iqu'id YEPD and harvested
according to standard prpcedures desci'ibed in Materials vand methods,
Large nﬁmbe‘rs of cells (~106)>wer'e plated onto CfAR‘ plates and
subspciﬁehtly eXposed.to varying doses of UV or X.—rayé to induce
mitotic récombinants. The doses employed Wefe small in that cell
viability remained at about 100% é.ftef a.11 exposures to both inducing
agents. This was verified by plating appropriate dilutions of pells
onto YEPD and measuring t.he;, sﬁvrvival at each dose. The UV and
X—raytinduction curves are given in Figures 20 and .21, respectively,
The déta. points for thq___.plot of X-ray induced prototrophs per 10°
survivors versus X-;ray dose were fitted to a straight line by the

least squares method, since such a measurement is known to’
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- Figure 20, --UV-induced intragenic recombination between arg4-6 |

.. and

argd

-17 in REV/REV and rev/rev diploid strains.
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- Fig. 21. —-X-i'ay induced intragenic recombination between
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increase 'linéarly with X- fay dose (55).

Figure 21 shows that homoz:ygous rev diploias exhibit an
ehhanéed,response'fo X-ray induced heteroallelic mitotic repombina—
tion, c_qﬁ;pai'e& to the Wild-type résponse as meas'uréd By this sys-

" tem., 'IVT.he slopes and r’esvpective :sta;ndardberrOrs of the reg're-ssion
lines for »XY182, XY 183, XY1_8‘4 and XY"lS5 are 4.7 + 1.2,

14.5 + 0.3, 7.3 + 1.5, and 11.5 + 0.9 prototrophs per 108 sur-

vivors per roeﬁgten, ‘res_pecti‘vely. " Figure 20 shows 'thaf. the Le_z/re\'r
diploids élso ekhibi£ an increased response to UV-induced intra-
genic mitotic recombination. This -hasv also been observed by

Snow (‘V)VS)_ in diploids homozygous fér other genes ;:ontrolling
UV-sensitivify. As with X-ial"y's the degree of enhancement of

recombination by UV in revl-1/revl-1 and rev3-_l/re'v3—_1_ strains

is greatrek'r than invtlr.1e rev2-1/rev2-1 strain, céfripared to Wild-type..
If, W1th in;r'easing proximity of vthe'two hetemalleles, co-conversions
are pro&uced mi’totvic"a'.llly .at thé expense of "singl_e—sité conversions
' (183.), the enhanced recombination of _i:_gz/_z_r__gi diploids could be
due to an increased propor'tioh_ of single‘-site events. This couid
occur if rev genes reducé. tlhe length of the converted interval,

The frequencies of UV—induced locus vr'vever sion of arg4-17

are considerably more reduced in fevl-l/revl—l and rev3-1/rev3-1

diploids than they are in the fevZ-i/revZ -l diploid, compared to wild-

type. A similar effect was observed with respect to locus reversion

of IXS 1-1_. Thus, revZ-l has the least effect, compared to the
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revl-l and rev3-1 aileles, in both reducing UV-reversion and

enhancing induced mitotic recombination, relative to REV. This

correlation suggests the féllowing: REV pathways may produce
UV-mutations by uti'li'zing a substrate that also stimulates recombin-

ation by a different mechanism. If rev2 blocks a minor parallel

branch of these mutational péthways, a small amount of additional

subst‘r>at‘e can stimulate recombinati_oh. If thé revl or rev3 b:ra‘nc_hes‘ .
are blbcked, however, a large amount of addi‘;ional substrate can
stimplé,te recombination. The role of recombination in UV-
mutageneéis is cohsidéred in Discussion.,

2. Meiotic recombination.

a) Intergenic recombination. Diploid strains carrying

homozygous rev genes were examined for their ability to interfere
with meiotic recombination between the two linked genes leul and
trES.v Both genes map on the same arm of chromosome VII and are

separated by a distance of 13.3 cM (61). The following strains were

used:
XY129  REV/REV = arg4-17/arg4-17 LEU/leul-12
| TRP/trp5-48 ADE/ade2-1 |
XY 150 fevl- 1/rev1 1 . arg4-17/arg4-17 LEU/leul-12
. TRP/trp5-48°  ADE/ade/2-1
XY127 . rev2-1/rev2-1  arg4-17/argd-17 LEU/leul-12
TRP/trp5-48 ~  ADE/ade2-1 ‘

XY128 . rev3-1/rev3-1  argd-17/argd-17 LEU/leul-12
. TRP/trp5-48  ADE/adez-1

These are the same strains as those used to study intergenic Mmitotic

recombination. These strains have already been shown to be UV and



92.

X-ray 'ISeﬁsitive. The dipioids were sporulated, ‘treated wit_hb
glusulé.sé enzyme and sonicated as de scxb'ibedvin Materials and
Methods. | The random spores were tvhen‘plated out onto YE?D and
incubated é,t'300C to allow clones to dev:elop. _Ciones were then
tésted for adenine, leucine, é.nd trvyptophAan'v deficiencies on-C-AD,
C-LE, .and C-TR, respectively. Oniy adenine -deficient clones
were éxamined for leiJ.cbine and ti‘yptoéhan requirements to avoid

including unsporulated diploids in the raLndofn-spOre sample. The

ade2 gene segregates iﬁdependehtly of leul and trp5(61).

Eacﬁ clone was classified by this method as.. haiiing either parental or
recombinant phenotype with respect to the leucine ‘and tryptophan
markers. ‘The data are shown 1n Table 8. It can be seen that the .
pefcentage recombinant spores for the fhree _r_gz'diploids is not
significantly different from that of the wild-typg. The sé data indi--
cate. thaf intergenic meiotic rec ombipétion 1n the _1_éu_1_ t_r_é_S_'region
is not 'éigniﬁcantly different .from the wilﬁ—tybg fréqilency when the

diploid strain is homozygous for rev genes.

b) 'Intragenic recombination. Diploids cal;rying
homozygous rev genes were examined for £hé ability to interfere -
with meiotic recombination between a_r&é_ and g@—ﬂ. The same
hetéféallelic diploids were studied as in infragehic mitotic re-
combination.

XY182 REV/REV arg4-6/argd-17
XY 183 revl-1/revl-1 arg4-6/arg4-17

XY 184 revZ--_—l_/revz-I arg4-§/arg4—z
XY 185 rev3-1l/mev3-1  arg4-6/args-17




Table 8, --Intergenic meiotic recombmatlon between leul and trp5 in
REV/REV and rev/rev diploids. '

Total no. AD™ o o ' -
o “rev Parental Recombinant % 1oxr 2
Diploid Genotype asi(')osr;]):sral LE*TR*LE"TR™ LE"TR'LE'TR” | Recombinant | , 152 P(X )
XY128 REV/REV 13 52 41 12 8 ‘ 17.7 '
X150 | revi-tzrevi-t | 132 68 - 40 8 1B | 174 0.075 {>.98
Xvi21 rev2-1/rev2-1 108 54 37 9 8 157 4.7 | .70
28 | rev3-1/rev3-1 | 100 47 35 1 8 | 18.0 0.52 .90

DBL 708 6857

% Expected values calculated in each case from the mean response of
REV/REV and rev/rev strains.

€6



94.

The s_arhe single colony isolate was used for Bc}th the mitotic and. the
meioti'cvreCOmbination measurements, Meiotic fecombinati.o‘n. |
between f_he two alle'lers v&as,studie’d by means of random. spore
analyéié. - The diploids were; épbrulafed and thé'_-.a_t‘s"c'i treated with
‘glbu'sulas"e’. Afte-r sonic’atic‘m,z‘the random bspore cﬁltures, confainiﬁg
unsporulated diploids as wellk, were blatea onto C-AR plates.
.Si>‘< plateé were used for each culture. Between 3000 and 9000 *éells
(hapioids and diploids) were spr‘ead onto the C-AR 'pla‘tes, as meas-.
ured by the pflating o:f an appropriate dilution on YEPD to obtain -the
Viablej‘t.';.tfe.‘ After iﬂcub;tion, , 'theérg+« 1.'eﬂv.'e1"t.:ant' co.lonies '(prvoto— |
trophé_) were counted, The p.rototarophs were also rei)lica—plated
to 'othe.rb omission media v't.o»verify that they did not contain subpresso_;
mutations of _a_r_'g;{-_l_z.

~ The amount of éontafnination 'of'vtvhev random spore sample with
unsﬁdfulated diploids was estimated by the f,éllowing p'roced\irve': o
Cells from the random: s'pore sample were diluted and plat'ed‘ onto
YEPD té yield about 50 colonies per pla.te. After incubation, 'iplates
containing these clones Wéré replica-plated onto C-AR >p1ate.s. |
These Were subsequently’e#posed to an X-ray dose -of 10 Kr and thgn
incubé.te'd for aboﬁt 3-4 days. Diploid clones could be i.de.ntifi'e.d
by the presence of numerous X-ray induced‘ prototrophs growing on
the C-AR replicas, This:was possible since rev/rev diploids are
not deficient in such recombination (Figure 20). Haploids, hoWever.,

containihg either the arg4—_1_7 or the arg4—_é allele, or rarely both, '
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did not exhibit any argt prototrophs, since fhe fl;equency of X-ray
induc’_ed: reversion of ‘either allele is »sev_eralA oz;der's of magni_tude
lower than the frequency of heteroallelic mitotic récbmbinatioﬁ.

By this method the nurn‘ber‘ of diploids was e.s1.:irnated for each culture
from Wh1ch the percentagé of haploid cells among the total number

of cells 1n the random spore éample was determined.

‘The frequencies of arg+t profotrophs(per haploid _cel]) are given
in Tablg 9 for the various rev/rev dipléids. These frequencies of
meiotic.:" intragenic recombination .are not significantly different
fi'om.that'in the wild;tﬁrpe. The data presented here and in the
previous sectioh indicate that rev génes do not affect either intra- |
genic or intergenic meiotic recombinétion ip the éystems studied.
Snow (95) fop.nd that other UV-éensitive genes also had no effect on
eithef tyf)e of meiotic recombination. These results suggest that .
both'_Uv;mutagenesis and the repair of lethal uv damage are
carried out in pathways ’c-hat do not involve fhe steps leading to

meiotic recombimtion.



Table 9, --Intragemc ‘meiotic recombmatmn between argdcb and arg4- 17

in

REV/REV and rev/rev d1p101ds. P _ o

_ ' e _ % Haploid Average no. | Freq. of prototrophs
Strain rev Viable celis -2 | ascosporal Vnable haploud cells . x10°? | prototrophs | per viable haploid

Genotype plate clones ' plate /plate . spore x 1072

x82 | REV/REV - 38.4 53.2 T 20.4 ' 19+3.6 0.9340.18

XVI83 | revi-t/revtt 56.7 - 31.0 17.6 - 22.7+3.3 1.28+0.19
Xviga rev2-1/rev2-1 - 30.0- 53.0 15.9 .| 16.8x2.8 1.06+0.18 -
XYi85 | reva.t/rev3-1| 825 47.0 -~ 388 . . | 48.8+4.4 1.26+0.11

* Denotes 'standard»erro“r of six plate counts.

DBL 708 5856
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IV.
' DISCUSSION

A. The control of mutation induction by rev genes.

' The present stuidy has concerned itself with the genetic
control.of mutation induction in yéasf;\," in particular UV-induced
mutation., To determine whether there are any similarities between
UV—fﬁuta;genesis in yeast and in bacferia, mutants were selected for
redu;:éd UV-mutational response. The phenotypes of such mutants
were investigated with the hope of answering qliestions concerning
the number of genés controlling UV-induced mutation, the speciﬁcity
of such genes, the felation‘bétweeh mutation induction and the. repair
of lethalvDNA damage, 'an.d the role of reéo'mbinaticn in mutagenesis.

'The twenty reversionless mutants identiﬁe_:d represent only
threéivu‘.nlinked recessive genes, Strains carryi'ng' these genes are
«moderat.ely UV-sensitive, In contrast, twelve UV-sensitive inutants
exhibiting reversion ability wére found to represent llvcompvlementa—
tion groups. Cox and Par.ry (14) found 22 loci that controlled UV-
sen.sbitiv:ity in yeaét. " Thus, it would appear i:hat' most UV-sensitive

~mutations leave the UV-induced mutation phenotype unchanged or
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enha.néé'd,.'while véry _féw result in a reduqed _UvV-rv;nutational response.
Assuming that _IE_I_E_Y gene products é;re enzymes involved in UV—inufagene-
sis, the .unusua.lly small number of rev loci identified suggests that
UV-injdﬁc_ed mutativon in .yeast inﬁroives.a _sniall number .of enz"yn.datic
react_ions. |

'fhe.vthxee rev genes do not appear to be Iocué specifi_c in that
t.heirvac'tvio.n of reducing UV-r.eversion is not confined to the reversion
of only argd alleles. These genes can also reduce UV-induced locué

reversion of the lys l-l_allele.‘ As in the case of arg4-17 locus

reversion, rev2-1 does not reduce lzs l-1locus reversion as much as

either fevl-’_-}_ or rev3-1 Cah.

" In the REV strain the frvequen.cies of locus reversibri of._l_&l-'_l_ ‘
are lééé; than those of af_g4—£l_. P_resumably, -'bofh Eﬁ'ﬂ and
lYﬁ_l_'l cvodev for the same nonsense cédoﬁ UAA in m'essenger R_ﬁA
(20, 26, 28). The mutant triplets in‘_DNA are the same in bc')th_b :
c.a’se_s"’-.-TTA in one strand and TAA in the other; ‘There is a 50%
‘chance vthat the base immediately adjacent to thé thymine oﬁ the énd
of e»acvh friplet i¥1 either strand is a'pyrimiciine vin both cases. Thus,
Both alleles contain at least two adjacent pyrimidines that can
diméfize after uv exposure and cause a ba;Se'-pair substitution mu-
tation. The nature of the bases on either side of the triplets might
accéﬁnt vfor the differences in reversion induction frequencies,

In addition, the possible amino acid:replacements>acceptab1e to |

each site may be different. Sherman (88) found different



99.

distributibns of amino acid replacements arriohg .réVertant‘s of two
nonse'nsie a.lleles,' located at different positions in the iso-1 cytochrome
c (::istroh.‘ The molecular en'_vironmenf of an allele evidently plays
an important role in its reversion pattern,

The possibility that rev genes' could be allele-specific in
re.dutb:ing_r‘eversion of only ochre-suppressiblé alleles was tested by
studyihg'th-réfrérs’iori of _a__I_'g_é_l»_-é, likely a misse.nse allele (59), in

strains carrying both arg4-6 and rev. Both revl-1and rev3-1

significantly reduce UV-reversion of arg4-6, while rev2-1 has no

effect or a possibly slightly negative effect in reducing reversion,

This suggests that revl-1 ahd rev3-1 have a non-specific action in

re'ducir:xg UV- reversion of bot;h nonsénse and rrﬁ_ssense alleles, while
i"evZ-l"may be specific for rionsgnse alleles; Base-pair sﬁbstitu—
tions can result in reversion of both kinds of alleles (76). No
evidence was obtained in the‘plfesent study té suggest.a mechanism

by which rev2-1 reduces reversion of only nonsense alleles.

B. VI\(IiJ.t'a‘tion induction and the repair of lethal DNA damage

- _Cells carrying rev genes lisolated in tbis study aré sensitive
to the inhibition of colony-formation after 'exposure‘ to agents known
to induce damage in DNA. Cells carrying any one of the rev genes
afe moderately UV-sensitive, slightly X—fay sensitive, and EMS-
sensitive, There is considerablé evidence (81, 82, 99) that mutants

of E. coli sensitive to these agents are unable to carry out certain
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steps in the repair of let}_]al DNA damage induced by these ageﬁté.
Radiatipn-sénsitiye mutants of yeast are probably aisoldefective in
such repéﬁ processes (76, 94). Since UV is known to be mutagenic | .
to _cellé ‘a'nd_since' 2\_7 geneé reduce UV—muta;tion induction as well
as confer ﬁV-éenéitiﬁty, this sﬁggests that.UV.-induéed mutations
Iin‘vyeast are produced by pathways that share some cqmmbn steps

with: théApathways for repair of lethal UV damage. Since rev

genes also confer X-ray and EMS-sensitivity, it is likely that the
repair pathways for iethal X -ray and EMS damage share some common
steps with the pathways of UV-induced mutation. This will be
: discussed later. | |

The uvs9 locus in yeast.éausés-‘-ex.tr.e_l.ne senSitivity to both the -

lethal (94) and mutagenic (79) effects of UV. That is, at equal UV

doses the frequencies of mutation are greater in uvs9 strains than

in UVS strains. At the same time, the surviving fraction is con- \

siderably lower in uvs9 strains compared to UVS strains. This stands

in contrast to the fact that in rev stré.ins, although they are Uv- ' ‘
sensitive, fewer mutat.iOns are producedvamong the éurvivors than in

"REYV strains at equal doses. 'i"he _1;(;_2}_1_\/_92' double mutant strains

are all- significantly more UV-sensitive than the strain carrying uvs9
alone.’ These double mutant stra.i.ns are less ser;sitive to UV-induced .

mutation than the uvs9 strain, as measured by the induction curves

of arg4-17 locus revertants. These results suggest that rev genes act

in pathways separate from the uvs9 pathway. More specific‘ally,
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uvs9 is probably blocked in the repair of lethal uv da’mage in a path-
way that does not itself produce mutations, but whose end-product
-may be é.' substrate for REV pathways which do result in UV-

induced mutations.

. C. UV-induced mutation in yeast

-1, The repair of primary vs. secovndal"y UV damage. The
results o’bfa_inéd in this study are consistent with a model for UV—
induced mﬁfation in bacteria pfoposed by Witkin (107). Sucha’
model is based on the notion that prirhary UV damage in DNA does
~ not bl&:k DNA replication but rather causes the vpvro‘duc,tion of second-
ary daniage in the newly synthesized daughter strands in the first
post-irradiation DNA replication (8, 83). It is assumed that the

revl, rev2, rev3 and uvs9 strains used in this study are not leaky and .

that the corresponding wild-type ‘a;llelevs at these loci lead to
enzymes involved in DNA repair. A schematic illustration of the
model proposed in yeast is shown'in Figufe 22. The large arrows
, indicafe that at least one linear pathway exists for each process
iilvplving an unknown number of steps, and includes the possibiiity_
that one or more other pérallel pathways may 37150 exist,
_ The‘ major feature of this model requires that two independent

repair prbcesses act inv sequence. The ﬁ_rst_process concerns the

repavi‘r‘ of primary or mutagen-induced lesions in both strands of DNA.
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Figl.lre' 22. 7 »Prc)pdsed model for UV-induced mutation in yeast.



Such a pchess acts to redﬁce‘ the number of prirriarir lesions in the
parental strands before DNA replication begins. After DNA |
replicatiori is completed, the unrepaired prirﬁary lesions -rerﬁain‘
" in the paféntal strands. The daﬁghter strands, however, contain
defects opposite the primafy lesions in the paré_ritai strands;
p_erha.pé’because of the altered base-pairing properties of primary
lesions. These defécts are called secondary lesiops in this model,
since fhey were induced not by the mutageﬁ;' Bu’c by means of DNA
replicatién on a damaged template. .As seen in the model, ‘these
secondary lesions may be produced directly from primary lesions by
means of DNA rep licatvion.‘ That is, repair of primary damage need
not occur before seé_ondary lesions can be pfoduced. Strains
comp}et__ely blocked in the repair of primary damage v&oﬁld produce
secondary damage d_irectly from primary 'damage by means of this
minor ;;athway. In these» s'trains, "since virtually all vprimary lesions
are u'nrrevpaired, the number of secondary lesions is much greater at
equal UV doses than in strains able to undergo repair of primary
vdamagbe.

The second process is the repair of secondary damage. It is

: /
independent_ of the first repailj process in that secondary lesions
constituj:e its maj or substrate. The amount of this subs'grate can
vary dépénding on whether or not primary repair is operating.
As in the Witkin fnodel (107), it is proposed that secondary lesions,

and not primary lesions, constitute the substance of the premutational

103.
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darna.ge induéed in cells by UV and that the .reI-)air'o'f secondary
lesions is the process tha.t'b cohvefts secondary damage into muta-
tions, |
Theg_\_’ﬁ gene has beén assivgned"a role iﬁ the repair 'of-
‘primary damage, whereas thé‘m genes have been aséignéd roles
~in the repair of secondary damage. The evidence for these assign-
ments has already been discussed. The data obtained in this ‘study
" do not récitiire that DNA replicafion is the cause of secon.dary.
' dbamagre v'in' yéé,st. The evidences obtained here, hpwever, are
co’nsistén_t'with the interpretation proposé’d in E, coli.
The:' phenotype of uvs9 can be understood witjhin the proposed
m_odel. At' a given UV dose, an equal number of primary lesions are

induced in the DNA's of both a uvs9 REV strain and the wild-type

gvs I}Ef_ strain, The repair of a majority of these lesions occurs in -
the _I:I_\_f_S strain by the first repé.ir procéss, bqt in thebl_lls_9_ strain, suc_vh
repair.is blocked or partiallyv'bloCked. ‘Thére may exist other

parallél pathwaysb o'f"repa.irvof primary. damage that do not depend
ﬁpon UVS9. This seéms likely in view of the largé ”number of genes
controiiing UV-sensitivity in general (14). Undoubtedly, many of the
22 loci studied by Cox and Parry (14) are involved in repair of primary
damage. After DNA repvlication’,there are a much gfeater number

of secondary lesions in the uvs9 strain than in the UVS strain. Since

both strains effect repair of secondary damage and produce muta-

‘tions from this damage, the uvs9 strain exhibits greater mutation
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inducti‘ofnv ffeqtienc'ies than the wild-type, and is also much‘movre ‘
_ UV—senéitive than the wild-.type.

The vphenotype's of rev genes cé.n also be understood using this
model. At a given UV dose an equal number of primary lesions are

rev strain and the wild-type REV

'inducc_‘ad in the DNA's- of bofth a
strain, ‘-Sr:i'rice both strains repair this dafndge, >an equai number of

' seconaary 1esibris are produced after DNA replication in both strainé. :
The E_Y strain repairs this secondary damage by a mechanism that
produces induced mutations among the survivors; but the rev strain
is parfially defective in this repair. There mé,y be other parallel
pathwafg; of repair of éecondary damage that do not depend upon REV
genes, ' This seems unlikely in 'Viéw of the finding in this stu>d'ybthat

, very few UV-sensitive genes (rev gene's) reduce UV-mutability.

Accordiig to the model the rev strain is therefore more UV-sensitive

than the wild-type. It also produces fewer mﬁtations, since some
mutational pathways have been blocked.

The phernotypevs of uvs9 rev strains are cons‘i_stent _with this
mterpretatiop. At a given UV dose such .strains produce an equal
amount vof secondary damage as in the M strain, but are more
AUV-sensi.tive than the E’i? strain because they are partially defective

in the repair of secondary darnage. If uvs9 rev strains were not

defective in this repair, they would produce mutations at the fre-
quencies observed in uvs9 strains., If uvs9 rev strains were defective

- only in the repair of primary damage by a parallel pathway not including
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uvs9, then ‘they would produce mutatibns at fre.qllJ..enbczies significantly.‘
grea',texr'v than those obs'e.rve‘d‘in uvs9 strains, Ihduvced_ locus reversion
of _3;13_4-_2 is significantly lower in }_115_9_12_\5 strains than in the uvs9
str‘ain.. 'vThése revsults support the idea that _R_EK gehes'bact 1n

pathwé.y.s of repair of secondary damage as de‘éc'ribed by 'this_model.

2. The repair of secondary damge,The'modelkd(-écribed above

' a.'svsign‘s- rev genes to bi_dcked pathways of repair of secondary dammge. |

Analyr"sis of the UV-survival curves of multiple rev strains has led to

‘the conclusion that all three REV genes do not act in a single linear

pathway,' Rather, REV1 and REV3 act ina singlé linear pathway

and REVZ2 in another pathway parallel to the first. The data suggest
a scheme in which the REV2 pathwéy pfoduées some substrate

(denoted by S in the model) that can be utilized by thée pathway defined

by REV1 and REV3, The data also suggest that the reaction blbgﬁked:
byﬂ_?_: occurs after the production of subst'ré.tv'e S. This svche'rnbe has
beé:ri' iﬁébrporaféd into the model as shown in Figure 22, The nature
of the sﬁbstrate S reina,ins unknown at thié time. TheT_(_E\_f_Z_branch :
seems to be a minor one for the production of UV mutations, but not
so for thé repair of lethal damage.

3. The nature of primary and secondéry lesions. Mutants of

E. coli K-12 at the uvr loci and mutants of E. coli B at the hcr loci
have"breen shown to be blocked in excision of UV-induced pyrimidine -

dimers in DNA (6, 87). In view of the finding that DNA polymerase

-exhibits exonuclease activity and can excise thymine.dimers induced
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by UV (41)';1 it seems likely that this enzyme, along with an endo-

nuclease specific for damaged DNA (40, 98) and a ligase (21, 69),

can perform excision repair. Defective excision repair in ﬂ or hcr
strains 'makes these strains about 20 _time_s mozre UV-sénsitive than
_the wild-f.yvpe (106), and resﬁlts in UV-iriduced'vrrﬁ_Ltation frequencies
véry’im#:h higher than in the wild type uvr+ or hcr+ strains (29, 105).
It is be_liéved'that errors in the exci‘sion repair process probably‘
occur less frequently than 10-6 per excised dimer (107), and that
these errors do not represent the origin of induc.ed mutétions in cells
exposed to UV, The phenotypes of the UVS9 strains in yeast are very
simila.rl t o the phenotypes expressed by the uvr and_h_c_l_' stfains in

- E. coli., The uvs9 strains in yeast may be deficient in excision

repair of primary lesions, These primary lesions are likely to be
predominaﬁtly pyrimidine dimers (76).

In E. coli K-12 mutations at any one of four loci affects

ultraviolet mutability (107). UVQinduced mutations in strains carry-
ing either Ec;i(or exr in E, cdi B) or recA are completely
eliminated, while recB and recC loci only reduce UV-mutability
compared to wild-type. Such loci also c-on_fer varying degrees of UV
and X-ray sensitivity (32) and are thought to be involved in a post -
re_plication repair mechanism that depends upon genetic recombina-

‘tion (33; 107). The phenotypes of rev genes are similar to those

expressed by exr and rec genes in E. coli. Assuming that uvs9 does

block a step in excision repair in yeast, then REV genes may be
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involve'd.in a pos.t-'replication repair 'rnechani‘s“n}'uvtilizing secondafy-»
_damagé as a substrate. This secondary damage could T.e single —
strand breaks in aaughter DNA stl;ands opposite pyrimidine dimers.
There is’i;o airect evidence for 'thié in yeast. 'I_‘hé Question-as to
.whethve'_r' 'Asuvch a ré.pair mechanisfn in };east mighf dép‘ena upon génetic
recor;lﬁination will bé c.onsivdered'"below.

4, The role of recombination in'UVQmuta.genesis. In E. coli

recombination seems to play an important role in post-.r.eplic:'ati'on
féiaair (.33,. 107) . Witkin (107) has proposed that most UV-induced
-Inutation's are caused by errors introduced into the DN:\ during 'post—v
replicatioh recombinational repair of da.ughter. st;‘and g.ips. ihe exr+
(or _193+) gene pr-loduct is th(;ught to allow errors to be produced during |
this Ir.e'paix". These errors are.produced by sorﬁe mechanism that
also pr"omotes UV survival, while the é,bility to pe.rform any- kind

of reéombinational repﬁif, whether accurate or ina.cicur‘ate’, is'
thought‘tq require the recA+ ’g.ene producf (107). Strainé carrying
&A'have no rec ombimtion ability (13). The _}'_é_gB and recC strains
have redvucedvrecombination ability (34, 16) and g_}g;l‘_strains e#hibit
only slightly reduced recombinétion (about 3 or 4-fold reduced)b,
coménsﬁrate with their reduction in UV resistance, when compared

to rec+ strains (107).

It is reasonable therefore to ask whether the control of UV-
induced mutation in yeast by rev genes depends upoh recombination

abilify-. The data obtained in this study indicate that none of the rev

i
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genes ié_oia»t.ed are deficient in either meiotic or UV and X-ray indu;ed
mitotic fééombination, as measured by the intergeri‘ic;and intragenic
systerﬁé di'scussed in Results. One interpretation is that the
pro.ciiuct_ior;of induced mutations vby REV pathwayé' does not require
recombihati.\on' events of the types sfudieci herein. In this regard the

similarity of rev mutants in yeast to exr mutants in E. coli seems to

break down. If some: fype’ of recombination did play a role in the

production. bf induced mutations, then rev strains might be e?cpected
to exhibit a reduced response for that type of recombination compared
to the REV strain. All three rev/rev diploids were found to exhibit
an increa.sed response to UV and X-ray induced mitotic recombination
when qompared to Wild;type. Meiotic recombination was unaffected
by homozygous re_v'vmutations._ Other UVI—sensit_ive genes in yeast,
inéllxiizig' ‘lY_.S_?_’ however, also enhance induced mitotic reéombina-
tion in  hbmozygous diploids, while meiotic reéombination is unaffected
(95, 111, 64). This suggests that inoleculér steps ne.eded in meiotic
-recombination do nét play. a role in UV-mutag.enesis in yeast. Mitotic
‘recombination may not be required, either, but never.thele-ss is
stimulated by agents that also induce lethal DNA dama’ge. Mutants
that a.re‘ »sensitive »tovthese agents might be unable to reduce this
damage by repair and therefore would be expected to exhibit a greater
induced mitotic recombination response than thé wild-type which

effects repair. A similar conclusion was reached by Baker (3) who

found that the UV enhance'ment of A bacteriophage recombination was
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even gféater in excision-defective (lllr_) host ba‘ctex;ia_.'than iﬁ wild-

type hésts. In this study by Baker UV-jnduced structural defects

in DNA were thought to lead to an increased efﬁvciéncv:'y of pairing

among chromosomes, pfecedgnt to lrecombinatibn by breakage and

reunion. vNo evidence was foun& to imply that UV-induced recombina-
L | 9

tion is d'iré'étly associated with any mode of DNA repair, Sucha

mechanism could operate in yeast.

D. Mutations induced by mutagens other than UV

In construéting an overall hypothesis for mutation induction in
yeast, it \-zvouldbe important to know whether there are any steps in
the proposed model for UV-inauced mufation that also participate in
~the production of fntitations' from DNA damage induced by mutagens
other than UVv.. Thé,t_r_eir'st.ra.ins are ‘EMS..-s'ensitive in varying degree;s
as well.‘a;s X'—ray and UV;sensitive,. suggest_s that there may be some
vc'o:"nmonv steps in the repair of lethal DNA damage induced by all
- three mufageﬁs. The relatioﬁship béfween mutation induction and
thé re'l;a"ir of lethal DNA damage. has alrea‘dy. been discussed‘.. ‘Thus,
the cross-sensitivity of rev strains to 'UV and EMS indicatevs that
steps involved in generating UV-mutations may also act on inter-
inedia;tgs in the repéir of lethal EMS damage. The repéir of EMS-
inducéd vDNA damage mighé occur both By pathwéy's that g_enerat"e
mutations and also by pa.thway.s that do not tl;léi'nselves generate
induced mutations. Assuming that this is t1;ue, it would be irhportant

to know whether the mutagenic steps in the répair of UV damage are
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also mutva;,-g'venic in the repair of EMS damage. If so,. then rev strains
should exhibit iower EMS -induced mutation frequéhcies vthan REV
strains, = The as s1impt_ion that i‘g_v_ genes do block UV—mutagenic

' stéps 1s implicit in tﬁe above hypothesis.

Theé rev strains exhibit significantly greater frequencies of

EMS-induced forward mutation to adel or ade2 than wiid-type', but .

the avérage frequency of UV-induced forward mutation in all rev

sfrains Was lower, similar to the results fdr lécus reversion of
both 3_134_}_,-_1_'_7_ and.lﬁ}-_l_. These results suggest that while REV
vpathways may repair lethal EMS damage, these pathways are not in-
vo’lvedv_;;,n th‘e product‘ion of E,MS.—induced muta;ciqris, The rev genes .
‘may hé,vé a general effect in reduc»ingvboth forward and reverse
mutation. More experiments are needed, &peéiall'y to determine‘
whether rev2-1is specific for UV—réversion of nonsvense.alleles.
Zimmermann(112) tested 22 UV-sensitive mufants isolated by |
Cox and Parry ('14) for poésible‘ cross-sensitivity t.o the mono-
functiona._.l alkylating agent methylmethanesulfonate (MMS). Eighteen
of these twenty mutants including uvs9 showed cross sensitivity to
MMS. EMS—induoed mutation was not studied in these mutants.b In
E. c_i)EBoh;ne and Geissler (5) found that the hcr mutation, whi;:h
controls excision repair,. does not affect the sensitivity of cells to

treatment with EMS., Their results clearly demonstrate that strains’

carrying rec mutations, namely rec-34, rec-36 and rec-38 (100) are

more EMS-sensitive than rec+ strains. Assuming that these rec




mutants are defective in post-replication repair, these results indicate

that EMS damage in E. coli can be repaired by recombinational
repair but not by excision répair. In yeast, however, the results of

Zimmermann (112) indicate that uvs9 is involved in the repair of

lethal alkylation damage. The uvs9 strain was not tested for the pro-
duction of"mt‘ltations from alkylation damage. The results of such an
,experim‘eht might de.termine whether this step in the repair of
alkylé.tion damage is a mutagenic one., If it is t:.rue that uvs9

controls excision, reduced frequencies of EMS or MMS -induced

mutation in uvrs9v_ strains could mean that induced mutétions are
produced during excision repair of alkylafion vdamage. Incréased
frequenc;.l'es of EMS or M?MS-induced mutation in 1_);_\_'§_9_ strainsb could
indicate that induced mutations are not produced by excision repair |
of alkyla.tion damage, but might be produced ;l)y some later pathia.va..ys.
Thes.e 'la.i:.ér pathways could act on 'sc.ac'qndarydé.mage as described
in the model for UV-induced mutations .. If so, then these pathwaYs
must be different from the rev pathways, since rev strains are not

reduced in EMS-induced mutation-.,
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